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Abstract

Research on kappa-opioid receptor (KOR) regulation of pain and itching has focused primarily on spinal and peripheral
levels. However, the role of central KOR in this process, as well as the mechanisms exacerbating negative emotional
responses to pain and itching, remains unknown. Therefore, this study aimed to utilize the advantages of intracerebroven-
tricular (i.c.v.) administration of U5S0488H to explore supraspinal KOR activation on pain, itching, and negative emotions.
US50488H, a prototypical KOR agonist, was administered i.c.v., with physiological saline as the control. The Hargreaves
test and intradermal injection of histamine and chloroquine were conducted to assess thermal pain and itch behavior,
respectively. The elevated plus maze (EPM), open field test (OFT), and tail suspension test (TST) were performed to
evaluate negative emotions. i.c.v. administration of U50488H increased thermal pain latencies, reduced scratching behav-
ior, and decreased locomotor activity in the central zone of the OFT and in the open arms of the EPM, while increasing
immobility in the TST. i.c.v. pretreatment with the KOR antagonist nor-Binaltorphimine dihydrochloride reversed all of the
above behaviors. In conclusion, central administration of US0488H can exhibit analgesic and antipruritic effects while also
inducing negative emotional responses. Our results highlight the potential of supraspinal KOR as a promising therapeutic
target in the combined treatment of pain, pruritus, and negative emotions.
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Introduction

Dynorphins (DYNs) and their endogenous target, the
kappa-opioid receptor (KOR), constitute the DYNs/KOR
system. Understanding this system is essential for develop-
ing potential therapeutic interventions for reward, motiva-
tion, addiction, pain, and mood disorders (Cabhill et al. 2021;
Khan et al. 2022). Understanding this system is essential in
developing potential therapeutic interventions for pain and
mood disorders (Aldrich and McLaughlin 2021). U50488H
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preclinical research on the pharmacological functions of
KORs (Kuhn et al. 2017; Zhang et al. 2022b). KOR activa-
tion by DYNs induces analgesia, but it is also associated
with negative emotions, distinguishing it from the effects of
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other opioid receptor systems (Malfliet et al. 2017; Mach-
elska and Celik 2018). However, the acting target and causal
relationships between KOR-induced pain, itching, and neg-
ative emotions remain under debate, necessitating further
investigation.
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KOR is expressed in the central nervous system (CNS)
and is distributed throughout the body in various peripheral
organs, including the heart, lungs, spleen, kidneys, liver,
and small intestine (Wittert et al. 1996; Peng et al. 2012).
This widespread distribution pattern of KORs in peripheral
tissues underscores their importance in modulating numer-
ous physiological processes beyond those of the brain (Wu
etal. 2021). U50488H can be explored for its effects on pain
and itch perception through systemic administration via
intraperitoneal (i.p.) and intravenous (i.v.) routes. However,
systemic administration can also affect numerous non-neu-
ral internal organs (Zhou et al. 2015). Typically, U50488H
is investigated via intrathecal (i.z.) and subcutaneous (s.c.)
administration, which primarily targets the spinal cord and
peripheral nerves (Mansikka and Uhl 2004; Mika et al.
2014). Therefore, intracerebroventricular (i.c.v.) adminis-
tration, which directly targets the higher CNS, would offer
greater specificity and minimize interference from other
peripheral factors as well as the lower CNS.

Anxiety and depression often accompany intractable
pain and itching, constituting common mental health com-
plications. They exhibit certain overlaps and connections at
the neurotransmitter, peptide, and neural circuit levels in the
brain (Malfliet et al. 2017; Michaelides and Zis 2019). Phar-
macological strategies solely focused on pain management
may not yield optimal efficacy, underscoring the need for
further investigation into combined intervention strategies
targeting negative emotions, pain, and itching (Docherty
et al. 2023). U50488H, administered via i.t., i.v, and s.c.
routes, attenuates neuropathic pain (Mansikka and Uhl
2004; Rutten et al. 2018; Zhang et al. 2022a) and itching
(Ko et al. 2003; Yamamoto and Sugimoto 2010). However,
i.p. administration of U50488H can induce anxiety- and
depression-like behaviors in mammals (Wiley et al. 2009;
Wittmann et al. 2009). The pharmacological effects and
underlying mechanisms of KOR activation in the brain on
pain and itching, and the related negative emotions remain
unclear. Therefore, this study aimed to leverage the advan-
tages of the i.c.v administration of U50488H to explore the
effects of KOR on pain, itching, and associated negative
emotions. To explore the effects of US0488H at the supra-
spinal level, we used i.c.v. administration at graded doses,
based on a previous study (Roerig 1989).

Methods
Animals
Male C57BL/6J mice (RRID: IMSR _JAX:000664), 8-10

weeks old and weighing 20-27 g, were obtained from Jinan
Pengyue Company and housed in a specific-pathogen-free
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facility under controlled conditions, maintained at a tem-
perature of 22°C-25°C, with a 12-h dark-light cycle. The
animals had ad libitum access to food and water. All ani-
mal experiments strictly adhered to the ethical guidelines
established by the Binzhou Medical University Animal Eth-
ics Committee (Ethics approval number: 2020—238) and
complied with the principles of the Declaration of Helsinki.

Drug

US50488H [trans-(1 S,2 S)-3,4-Dichloro-N-methyl-N-[2-(1-
pyrrolidinyl)cyclohexyl] benzene acetamide hydrochloride
hydrate] was purchased from Sigma-Aldrich Incorporation
(U111, sigma, St. Louis, MO, USA). The drugs were dis-
solved in 0.9% (w/v) sterile saline. Based on the solubil-
ity of U50488H (13 mg/mL) and its ED50 value for i.c.v.
administration (Roerig 1989), the drug concentration was
divided into three gradient concentrations—3.25, 6.5, and
13 pg/uL—with physiological saline used as the control.
US50488H was administered via i.c.v. injection at a volume
of 5 uL over a 10 min duration. After injection, a waiting
period of 30 min was observed before the relevant experi-
mental tests were conducted. Nor-Binaltorphimine dihydro-
chloride (nor-BNI), an antagonist of KOR, was purchased
from Aladdin Incorporation (105618-26-6, Aladdin, shang-
hai, China). The nor-BNI was dissolved in 0.9% (w/v) ster-
ile saline and prepared into a working solution of 0.5 pg/pL.
All the drugs were manually administered at a rate of 0.25
pL per 30 s with a 10 pL syringe to prevent an increase in
intracranial pressure.

Experimental design and animal grouping

We selected 110 C57BL/6J mice, which were randomly
divided into 16 groups. All mice were anesthetized with
1.5% sodium pentobarbital (0.06 mL/10 g, i.p.) and fixed
in a stereotaxic apparatus. A metal cannula (62002, RWD,
Shenzhen, China) was carefully positioned into the right
lateral ventricle using the following coordinates: anteropos-
terior, —0.34 mm,; lateral to midline, 1.0 mm; dorsoventral,
2.5 mm. They were fixed in place using dental cement and
underwent 1 week of postoperative recovery. Of these, 64
mice were assigned to the eight US0488H groups (8 mice
per group). Mice in groups 1-4 were treated with saline or
US50488H at 3.25, 6.5, or 13 pg/uL, and underwent rotarod,
pain, and itch behavior assessments. Mice in groups 5—8
were treated with saline or US0488H at 3.25, 6.5, or 13 pg/
pL, and underwent negative emotional behavior assess-
ments. The remaining 56 mice were assigned to the 9-16
groups (nor-BNI+U50488H group, 7 mice per group). For
each group, 1 pg/2 pL of nor-BNI was pretreated via i.c.v.
30 min prior to the experiment (Narita et al. 1993). Mice
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in groups 9-12 were treated with saline or U50488H at
3.25, 6.5, or 13 pg/pL, and underwent rotarod, pain, and
itch behavior assessments. Mice in groups 13-16 were
treated with saline or U50488H at 3.25, 6.5, or 13 pg/uL,
and underwent negative emotional behavior assessments.
To exclude potential drug accumulation effects from i.c.v
administration, each group of mice was tested once every 7
days (Fig. 1).

Hargreaves test

Paw withdrawal latencies (PWL) to radiant heat were
assessed using the method originally described by Harg-
reaves (Hargreaves et al. 1988) and measured with the IITC
Plantar Meter (IITC Life Science, Woodland Hills, CA,
USA). The mice were allowed to acclimatize to the testing
environment for 30 min before the experiment commenced.
The temperature of the glass plate was maintained at 30°C.
Radiant heat intensity, emitted by a 150-watt bulb, was cali-
brated to achieve a suitable light intensity that maintained
the paw withdrawal threshold of normal mice between 8 and

Intracerebroventricular
metal cannula placement

12 s. Following i.c.v. administration of U50488H, the mice
were individually positioned in transparent plastic boxes on
the glass floor. The radiant heat was regulated using the start
button. The termination signal for the latency period was
recorded when mice displayed evident reflexive paw with-
drawal or licking. A cutoff time of 30 s was used to prevent
potential harm. The experiment comprised five trials, with
measurements conducted at 10-min intervals within each
trial.

Acute itch test

At 3 days before the experiment, mice had their necks
shaved to prepare the skin. Subsequently, they were placed
in a behavior room inside transparent plastic boxes for a
30-min acclimation period, which continued for 3 days.
A small amount of bedding material was placed inside
the acrylic boxes to mimic the cage environment. His-
tamine (H7250, Sigma, St. Louis, MO, USA) or chloro-
quine (C6628, Sigma, St. Louis, MO, USA) was dissolved
in sterile saline (0.9%) to prepare a working solution at a

Rotarod | | Hargreaves | Histamine Chloroquine
' Habituation
Groups 1-4 i
Groups 9-12 //
-7 day Oday 3day 10 day 17 day 24 day
B
i Intracerebroventricular
| metal cannula placement ! rECsresERSeon  franstsies s !
e e . 1 Elevated | | Tail ;
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Groups 5-8
Groups 13-16 //_. g
-7 day Oday 1day 8 day 15 day

Fig. 1 Experimental design. (A) Schedule of the rotarod, pain, and
itch behavioral tests. After a 7-day recovery following cranial can-
nula placement, mice in groups 1-4 (U50488H groups, 8 mice per
group) and groups 9-12 (nor-BNI+U50488H groups, 7 mice per
group) sequentially underwent the rotarod, Hargreaves, histamine, and
chloroquine tests on days 3, 10, 17, and 24, respectively. (B) Sched-

ule of negative emotions test. After a 7-day recovery, mice in groups
5-8 (U50488H groups, 8 mice per group) and groups 13—16 (nor-
BNI+US50488H groups, 7 mice per group) sequentially underwent the
OFT, EPM, and TST experimental assessments on days 1, 8, and 15,
respectively
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concentration of 4 pg/uL. Following i.c.v. administration
of U50488H, intradermal injections of 50 uL of histamine
or chloroquine were administered at the back of the neck.
After the intradermal injections, the scratching behavior of
the mice inside the transparent plastic box was recorded for
30 min (Kamei and Nagase 2001).

Open-field test (OFT)

The OFT was used to assess locomotor activity and anxiety-
like behaviors, following the method described previously
(Liebsch et al. 1998). The test was conducted in a dimly
lit room at 22-25 °C. The OFT apparatus (Xinruan, Shang-
hai, China) consisted of a large blue acrylic wall placed
on a white plastic bottom plate measuring 50 x50 x40 cm,
and was divided into 16 squares (12.5%12.5 cm) with two
zones: an outer zone with 12 peripheral squares and a center
zone with 4 inner squares. Before testing each mouse, the
OFT apparatus was cleaned with 75% ethanol to maintain
hygiene and prevent potential interference between mice.
The behavior of the mice was recorded using a camera
mounted above the arena, and the recordings were subse-
quently analyzed using the VisualTrack software (Xinruan,
Shanghai, China) for 5 min. The following behaviors were
assessed during the OFT, including distance traveled and
time spent in each zone (outer and center).

Elevated plus maze (EPM) test

The EPM test was used to assess anxiety-like behaviors
and was conducted according to the methods (Yoshizaki et
al. 2020). The testing room was kept quiet and dimly lit at
22-25 °C. The test apparatus comprised four blue acrylic
arms (35%5 cm) elevated on 60 cm aluminum alloy legs
from Xinruan Instruments (Xinruan, Shanghai, China). The
EPM was divided into five zones: two open arms featur-
ing 0.5 cm ledges, two closed arms with 15 cm walls, and
a center zone measuring 55 cm. Behavioral analysis was
automatically conducted using the VisualTrack software for
5 min. The software automatically recorded the following
behavioral parameters: distance traveled, time spent, and
number of entries into the open arms, closed arms, and cen-
ter zone.

Tail suspension test (TST)

The TST was employed to evaluate depression-like behav-
ior (Can et al. 2011). Acoustic suspension and visual isola-
tion were attained in the testing room. Mice were suspended
approximately 50 cm above the floor using a testing appara-
tus (Xinruan, Shanghai, China) set at a height of 20-25 cm
above the ground. This was achieved by affixing adhesive
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tape with a length of 15 cm to the tail, with the tail tip left
exposed at 2—3 mm. During the 5-min test, the total immo-
bility time and mobility time induced by the TST were mea-
sured. Behavioral analysis was automatically conducted
using the VisualTrack software.

Rota-rod test

Following a previously described method, the rotarod was
employed to assess potential neurological impairments
affecting the motor capacity of the animals, such as seda-
tion, ataxia, and muscle relaxation (Dunham and Miya
1957). To minimize stress during the testing period, the ani-
mals underwent a 3-day acclimation period to the model.
Mice were placed on a rotating roller set at a constant speed
of 6 rpm. The duration for which the mice remained on the
rotating roller without falling was recorded over 60 s. The
primary objective of this test was to assess potential neu-
rological impairments affecting the motor capacity of the
animals, such as sedation, ataxia, and muscle relaxation.

Software and data analysis

Data analysis was conducted using IBM SPSS 27.0 and
GraphPad Prism 6.0. Before conducting statistical tests, the
normal distribution of the data was assessed. Data that did
not follow a normal distribution were analyzed using the
Kruskal-Wallis test. Data that were normally distributed but
did not meet the assumption of homogeneity of variances
were analyzed using Tamhane’s test. Data that were nor-
mally distributed and met the assumption of homogeneity of
variances were analyzed using one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test. Compari-
sons between the U50488H and nor-BNI+U50488H groups
were performed using an unpaired t-test. The results are pre-
sented as the mean=standard error of the mean (S.E.M.).
A p-value of <0.05 was considered statistically significant.
Statistical significance in figures is indicated as *P<0.05,
**P<0.01, ***P<0.001, ****P<(0.0001.

Results

Intracerebroventricular U50488H administration
mitigates radiant heat-induced thermal
hyperalgesia in hargreaves testing

The effects of i.c.v. US0488H administration on radiant
heat-induced thermal pain were examined in this study.
Mice were administered saline (0 pg/uL) or one of the three
concentrations—3.25, 6.5, and 13 pg/uL—of U50488H via
i.c.v. injection, followed by evaluation of hind PWL using
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the Hargreaves test (Fig. 2). As the concentration of admin-
istration increased, a distinct dose-dependent elevation
trend was observed in bilateral PWL assessments. Signifi-
cant statistical differences were observed when the 13 pg/
pL U50488H groups were compared with the 0 and 3.25 pg/
pL US0488H groups (right: p<0.0001 and p<0.01, respec-
tively; left: p<0.0001 and p<0.0001, respectively; Fig. 2A
and B). An increase in bilateral PWL values was observed
between the 6.5 and 0 pg/uL US50488H groups (right:
p<0.05, left: p<0.0001, Fig. 2A and B). Significant statisti-
cal differences were observed between the left 6.5 pg/ulL
US50488H group and both the 3.25 and 13 pg/uL U50488H
groups (p<0.0001 and p<0.0001, respectively; Fig. 2B).
The increase in bilateral PWL values was reversed by the
antagonist nor-BNI in the comparison between the 6.5 ng/uL
U50488H and 6.5 pg/uL nor-BNI+U50488H groups (right:
p<0.01, left: p<0.001, Fig. 2A and B), as well as between
the 13 pg/uL U50488H and 13 pg/pL nor-BNI+US50488H
groups (right: p<0.0001, left: p<0.001, Fig. 2A and B). The
PWL values showed no statistically significant difference in
the comparison between the 0 pg/uL US0488H group and
the four nor-BNI+U50488H groups. These findings suggest
that i.c.v. administration of U50488H can effectively sup-
press radiant heat-induced thermal pain.

A Hargreaves test (right)
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Fig. 2 Intracerebroventricular administration of US50488H exhib-
its analgesic effects on radiant heat-induced pain and is reversed by
nor-BNI. Hargreaves PWL of the right hind paw (A) [13 vs. 0 pg/
puL P<0.0001; 13 vs. 3.25 pg/ul P<0.01; 6.5 vs. 0 pg/ul P<0.05]
and left hind paw (B) [13 vs. 0 pg/ul P<0.0001; 13 vs. 3.25 pg/ul
P<0.0001; 13 vs. 6.5 pg/uL P<0.0001; 6.5 vs. 0 pg/pL P<0.0001;
6.5 vs. 3.25 pg/uL P<0.0001] in mice were compared between differ-

Intracerebroventricular U50488H administration
suppresses scratching responses induced by
Histamine and chloroquine

To explore the effects of i.c.v. US0488H administration on
scratching responses induced by histaminergic and nonhis-
taminergic pruritogens, four US0488H groups of mice were
administered saline or varying concentrations—3.25, 6.5,
and 13 pg/ulL—of U50488H via i.c.v. injection, followed
by an assessment of scratching responses after intradermal
injections of histamine or chloroquine (Fig. 3). In the chlo-
roquine and histamine tests, the scratching frequency of the
13 pg/pnL U5S0488H group exhibited a significant decrease
compared with that in the 0, 3.25, and 6.5 ug/pL US0488H
groups (chloroquine: p<0.0001, »p<0.0001, and p<0.0001,
respectively; histamine: p<0.0001, p<0.0001, and p<0.01,
respectively; Fig. 3A and B). Furthermore, in the histamine
tests, the 6.5 pg/uL U50488H group exhibited significant
statistical differences compared with the 0 ng/uL US0488H
group (p<0.01, Fig. 3B). The decrease in scratching fre-
quency in the chloroquine and histamine tests was reversed
by the antagonist nor-BNI in the comparison between
the 13 pg/pL U50488H and nor-BNI+US50488H groups
(chloroquine: p<0.001, histamine: p<0.001, Fig. 3A and
B), as well as between the 6.5 pg/uL U50488H and nor-
BNI+US50488H groups in the histamine test (p<0.05,

B Hargreaves test (left)

Il U50488H nor-BNI + U50488H
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N
o
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Withdraw latency (s)
o 3
____
J—
-

U50488H (pg/pl)

ent US0488H groups (n=38). Data are presented as the mean+S.E.M.
and significance was assessed by the Kruskal-Wallis test in (A) and
one-way analysis of variance (ANOVA) followed by Bonferroni’s
post hoc test in (B) between different US0488H groups. Comparisons
between the U50488H and nor-BNI+U50488H groups were per-
formed using an unpaired t-test (n=7 mice per nor-BNI+U50488H
group). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Fig.3 Intracerebroventricular administration of U5S0488H inhibits itch
behavior and is reversed by nor-BNI. (A) After i.c.v. administration
of saline and U50488H at concentrations of 3.25, 6.5, and 13 pg/pL,
followed by intradermal injections of chloroquine, scratching numbers
were compared between different US0488H groups for 30 min [13 vs.
0 pg/uL P<0.0001; 13 vs. 3.25 pg/uL P<0.0001; 13 vs. 6.5 pg/uL
P<0.0001] (n=8 mice per US0488H group). (B) After i.c.v. admin-
istration of saline and U50488H at concentrations of 3.25, 6.5, and
13 pg/uL, followed by intradermal injections of histamine, scratch-

Fig. 3B). These findings suggest that i.c.v. U50488H
administration can inhibit pruritogen-induced scratching
responses.

Intracerebroventricular U50488H administration
induces anxiety-like behavior in mice

The study aimed to explore the potential of i.c.v. US0488H
administration to induce anxiety-like behavior using the
EPM and OFT (Figs. 4 and 5). The total distance traveled in
the OFT showed no statistical significance between the 3.25,
6.5, and 13 pg/ul US0488H groups compared with that of
the 0 pg/uL U50488H group (Fig. 4A and E). No statistically
significant difference was observed among the U50488H
groups in peripheral zone distances (Fig. 4F). However, a
decrease in the central zone distance was observed when
comparing the 3.25, 6.5, and 13 pg/uL US0488H groups
with the 0 pg/uL U50488H group (p<0.01, p<0.05, and
<0.0001, respectively; Fig. 4G). Compared with the 0 png/
pL U50488H group, the 13 pg/puL U50488H group showed
an increased peripheral zone duration (p<0.05, Fig. 4H)
and a decreased central zone duration (p<0.05, Fig. 4I).
Compared with the 13 pg/uL nor-BNI+U50488H group,
the 13 pg/uL US50488H group showed a decreased total
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ing numbers were compared between different US0488H groups for
30 min [13 vs. 0 pg/ul P<0.0001; 13 vs. 3.25 pg/pL P<0.0001; 13 vs.
6.5 ng/uL P<0.01; 6.5 vs. 0 pg/ul P<0.01] (n=8 mice per US0488H
group). Data are presented as the mean=S.E.M. and significance was
assessed by one-way analysis of variance (ANOVA) followed by
Bonferroni’s post hoc test between different US0488H groups. Com-
parisons between the US0488H and nor-BNI+U50488H groups were
performed using an unpaired t-test (n="7 mice per nor-BNI+U50488H
group). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

distance, peripheral zone distance, central zone distance, and
central zone duration (all p<0.01, Fig. 4E, G and I), as well
as an increased peripheral zone duration (p<0.05, Fig. 4H).
In the EPM, the total distance of the 13 ug/ulL US0488H
group decreased compared with that of the 0 and 3.25 pg/pLL
US50488H groups (p<0.0001 and p<0.0001, respectively;
Fig. 5A and E). The 6.5 pg/uL U50488H groups exhibited
a significant decrease in total distance compared with that
of the 0 and 3.25 pg/uL U50488H groups (p<0.05 and
p<0.05, respectively; Fig. 5B and C, and 5E). Compared
with the 0 ng/pL U50488H group, the 13 ug/uL U50488H
group showed a reduction in the distance traveled in the
closed arms (p<0.05, Fig. 5F). Furthermore, in the open
arm, a decrease in the locomotor distance was observed in
the 13 pg/uL US0488H group compared with that in the 0
and 3.25 pg/uL U50488H groups (p<0.001 and p<0.0001,
respectively; Fig. 5G). Similarly, a decrease in open arm dis-
tance was observed in the 6.5 pg/pL U50488H group com-
pared with those in the 0 and 3.25 pg/pL U50488H groups
(»<0.05 and p<0.05, respectively; Fig. 5G). Compared
with the 0 and 3.25 pg/uL U50488H groups, the 13 pg/uL
U50488H group showed an increased closed arm duration
(»<0.01 and p<0.001, respectively; Fig. SH) and decreased
open arm duration (»p<0.001 and p<0.001, respectively;
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Fig.4 Effects of US0488H on open-field test behaviors in mice. Repre-
sentative two-dimensional heat maps showing movement trajectories
in the OFT after i.c.v. administration of saline (A) and U50488H at
concentrations of 3.25 (B), 6.5 (C), and 13 pg/uL (D). Total distance
(E), peripheral area distance (F), and central area distance (G) in the
different US0488H concentration groups and saline control group (G:
13 vs. 0 pg/puL P<0.0001; 6.25 vs. 0 pg/uL P<0.05; 3.25 vs. 0 pg/
uL P<0.01). Durations in the peripheral zone (H) and central zone (I)

Fig. 51). Compared with the 13 pg/uL nor-BNI+U50488H
group, the 13 pg/ul U50488H group showed a decreased
total distance, closed arm distance, open arm distance,
and open arm duration (p<0.001, p<0.01, p<0.01, and
p<0.05, respectively; Fig. SE, G and I). Compared with the
nor-BNI+U50488H group at the same concentration, the
3.25 pg/uL U50488H group showed a decreased closed arm
duration, while the 13 pg/uL U50488H group showed an
increased closed arm duration (p<0.05 and p<0.05, respec-
tively; Fig. SH). These findings indicate that i.c.v. US0488H
administration can induce anxiety-like behavior in mice.

o{ T i I 'ﬂ]‘-
il 1

U50488H (pg/pl)

were recorded (H: 13 vs. 0 pg/puL P<0.05; I: 13 vs. 0 pg/uL P<0.05)
between the different US0488H groups. Significance was assessed by
one-way analysis of variance (ANOVA) followed by Bonferroni’s
post hoc test between different U50488H groups (n=8). Comparisons
between the U50488H and nor-BNI+U50488H groups were per-
formed using an unpaired t-test (#=7 mice per nor-BNI+U50488H
group). * p<0.05, ** p<0.01, **** p<0.0001, no significance (ns)

Intracerebroventricular U50488H administration
induces depression-like behavior: evidence from
TSTs

Next, we investigated the potential of i.c.v. U50488H admin-
istration to induce depression-like behavior using the TST.
After i.c.v. administration of U50488H, the results of the
TST showed a statistically significant decrease in mobility
time (p<0.05, Fig. 6A) and an increase in immobility time
(»<0.01, Fig. 6B) in the 13 pg/uL U5S0488H group com-
pared with that in the 0 pg/uL U50488H group. Compared
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Fig. 5 Effects of U50488H on elevated plus maze behaviors in mice.
Representative heat maps showing movement trajectories in the EPM
after i.c.v. administration of 0.9% saline (A) and U50488H at concen-
trations of 3.25 (B), 6.5 (C), and 13 pg/uL (D). Total distance (E) [13
vs. 0 pg/uL P<0.0001; 13 vs. 3.25 pg/uL P<0.0001; 6.5 vs. 0 pg/
pL P<0.05; 6.5 vs. 3.25 pg/ul P<0.05], closed arm distance (F)
[13 vs. 0 pg/uL P<0.05], and open arm distance (G) [13 vs. 0 pg/uL
P<0.001; 13 vs. 3.25 pg/uL P<0.0001; 6.5 vs. 0 pg/ulL P<0.05; 6.5
vs. 3.25 pg/ul P<0.05] traveled in the different US0488H groups and
saline control group. Closed arm duration (H) [13 vs. 0 pg/uL P<0.01,

with the 0 pg/uL US0488H group, the 6.5 pg/uL U50488H
group showed an increased immobility time (p<0.05,
Fig. 6B). No statistically significant difference was observed
in immobility time or a decrease in mobility time between
the 3.25 and 6.5 pg/pL U50488H groups (Fig. 6A and B).
The immobility time showed a dose-dependent increase,
while the mobility time demonstrated a dose-dependent
decrease. Compared with the nor-BNI+U50488H group
at the same concentration, the 6.5 and 13 pg/uL US0488H
groups showed a decreased mobility duration (p <0.05 and
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13 vs. 3.25 pg/ul P<0.001] and open arm duration (I) [13 vs. 0 pg/uL
P<0.001, 13 vs. 3.25 pg/pL P<0.001] were recorded between differ-
ent US0488H groups (n=28). Data are presented as the mean+S.E.M.
and significance was assessed by Tamhane’s test in (I) and one-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test
in (A—H) between the different US0488H groups. An unpaired t-test
was used for the US0488H and nor-BNI+US50488H groups (»=7 mice
per nor-BNI+U50488H group). * p<0.05, ** p<0.01, *** p<0.001,
*Ex* p<0.0001

p<0.01, respectively; Fig. 6A) and an increased immobil-
ity duration (p <0.05 and p<0.01, respectively; Fig. 6B).
These findings indicate that i.c.v. US0488H administration
can induce depression-like behavior in mice.

Intracerebroventricular U50488H administration
does not impair motor function in mice

We investigated the potential effects of i.c.v. US0488H
administration on motor function in mice using the rotarod
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Fig. 6 Effects of U50488H on tail suspension test behaviors in mice.
(A) Mobility time and (B) immobility time in different U50488H
groups and the saline control group (A: 13 vs. 0 pg/uL P<0.05; B: 13
vs. 0 ng/uL P<0.01, 6.5 vs. 0 pg/uL P<0.05). Data are presented as
the mean+S.E.M. and significance was assessed by one-way analysis

test. The results showed no statistically significant differ-
ence in the duration for which the mice could remain on
the rotating rod for more than 60 s among all groups.
This indicates that i.c.v. administration of U50488H did
not induce sedation, ataxia, or muscle relaxation, which
could potentially influence experimental results related to
motor function.

Discussion

Prior experiments have demonstrated that KOR agonists
can alleviate itching and pain at the peripheral nervous
system and spinal cord levels (Inan and Cowan 2020;
Aldrich and McLaughlin 2021). However, KORs are
also widely distributed in the claustrum, medial pre-
frontal cortex, anterior cingulate cortex, insular cortex
(IC), amygdala, periaqueductal gray, nucleus accumbens,
and rostral ventromedial medulla (RVM) [Cahill et al.
2021]. Whether the supraspinal KOR contributes to the
regulation of pain, itching, and negative emotion regula-
tion remains unclear. In this study, we utilized the pro-
totypical KOR agonist U50488H administered via i.c.v.
to explore its supraspinal effect. Our results showed that
i.c.v. administration of U50488H (1) suppressed hista-
mine- and nonhistaminergic (chloroquine)-induced itch-
ing behavior, (2) suppressed radiant heat-induced pain
triggered by the Hargreaves test, and (3) elicited anxi-
ety and depressive behaviors. Additionally, pretreatment
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of variance (ANOVA) followed by Bonferroni’s post hoc test between
the different US0488H groups (n=8). An unpaired t-test was used for
the US0488H and nor-BNI+US50488H groups (n=7 mice per nor-
BNI+U50488H group). * p<0.05, ** p<0.01

with nor-BNI via i.c.v. injection reversed pain, itching,
and negative emotional behaviors in mice.

The DYNs/KOR system serves as a potential therapeu-
tic target for the treatment of clinical pruritus (Kardon et
al. 2014). KOR agonists, including U50488H, nalfurafine,
CR 845, triazole 1.1, and nalbuphine, have been found to
inhibit itch behavior in rodent and non-human primate
models via i.t., s.c., i.v., or i.p. administration (Wakasa et
al. 2004; Inan and Cowan 2020; Huskinson et al. 2022).
However, whether supraspinal KOR activation has an
identical effect remains unknown. Limited evidence sug-
gests that central mechanisms, rather than peripheral sys-
tems, might be involved in cholestatic pruritus (Andoh
et al. 2020). The present study, for the first time, dem-
onstrated that the activation of supraspinal KORs dose-
dependently inhibits itch behavior. Human brain imaging
studies show that different brain areas are activated exten-
sively by histamine and cowhage, respectively (Papoiu et
al. 2012). Therefore, such an antipruritic effect probably
targets multiple different brain regions. Our experimen-
tal results demonstrated that activation of supraspinal
KOR not only inhibits histamine-induced itch but also
alleviates nonhistaminergic itch induced by chloroquine.
This indicates that the activation of supraspinal KOR can
simultaneously inhibit pruritic behaviors induced by dif-
ferent pruritogens. This finding is highly significant for
the treatment of refractory pruritic disorders with mul-
tifactorial itch, such as itch associated with end-stage
renal disease. Additionally, our results demonstrated that
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30 min after U50488H administration, all mice success-
fully completed the rotarod test. This suggests that the
reduction in scratching induced by U50488H was not due
to motor abnormalities. In conclusion, U50488H has an
antipruritic effect at the supraspinal level, consistent with
its action at peripheral and spinal levels.

KOR agonists—as alternatives to the addictive mu-
opioid receptor agonist morphine—exhibit analgesic
and anti-hypersensitivity effects in numerous pain mod-
els (Aldrich and McLaughlin 2021). In previous experi-
ments, U50488H has demonstrated analgesic effects on
hot plates, cold pain, and tail-flick tests via i.p., s.c., and
i.t. administration (Mansikka and Uhl 2004; Abraham et
al. 2018; Zhang et al. 2022b). Additionally, human posi-
tron emission computed tomography neuroimaging stud-
ies have shown increased endogenous opioid release in
the anterior cingulate cortex and IC during acute experi-
mental heat-induced pain (Sprenger et al. 2006). How-
ever, the direct effect of i.c.v. administration of U50488H
on radiation-induced heat pain remains unknown. Addi-
tionally, i.c.v. administration of amitriptyline resulted
in contrasting effects, inhibiting heat-induced pain in a
hot plate test, but facilitating heat-induced pain in a tail
flick test. Our data revealed that i.c.v. administration of
U50488H has a dose-dependent analgesic effect on the
Hargreaves test. Consistent with these findings, adminis-
tration of the KOR agonist Salvinorin A into the IC and
chemogenetic excitation of KOR-expressing neurons in
the RVM have shown analgesic effects on Hargreaves
radiation-induced thermal hyperalgesia (Coffeen et al.
2018; Nguyen et al. 2022). Radiation-induced heat pain,
like the tail flick test, primarily assesses the basic spinal
reflex arc, whereas the hot plate test reflects supraspinal
level responses (Dirksen et al. 1994). This is consistent
with results showing that KOR agonists, such as HS665,
administered via i.c.v., exhibited antinociceptive effects
in a 55 °C warm-water tail-flick assay (Spetea et al.
2017). Additionally, i.c.v. administration of U50488H
similarly produced analgesic effects on neuropathic pain,
tail pinch, and hot plate tests (Pieretti et al. 1994; Huong
et al. 1997; Sounvoravong et al. 2004). Based on the
above, our experimental results complement the under-
standing of the effects of U50488 on pain at supraspinal
levels and confirm that it, consistent with systemic and
intrathecal administration, can produce analgesic effects.

Previous studies demonstrate that ip. administra-
tion of U50488H can induce depression-like behavior
in rodents, which can be blocked by KOR antagonists
(Dogra et al. 2016; Page et al. 2019). Similarly, in rodent
models of anxiety-like behavior induced by alcohol with-
drawal and methylphenidate exposure, i.p. administra-
tion of U50488H exacerbates this behavior (Privette and
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Terrian 1995; Wiley et al. 2009). These findings suggest
the contribution of KOR to negative emotional processes.
However, pharmacological studies on pain and itch-
ing often neglect to address the concurrent emergence
of negative emotions simultaneously. Our experimental
results are the first to show that i.c.v. administration of
US50488H induces anxiety and depressive symptoms.
In acute and chronic pain animal models, as well as in
patients, pain and itching can elicit negative emotions,
including anxiety and depression (Michaelides and Zis
2019; Silverberg 2019; Kremer et al. 2021). Conversely,
escalating negative emotions exacerbate pain and itch-
ing (Wang et al. 2018; Docherty et al. 2023). The cen-
tral mechanism underlying the bidirectional regulation
of pain/itch perception and negative emotions remains
unclear. Therefore, based on the current results, pharma-
cological treatments targeting central KOR may offer a
new promising strategy for mitigating negative emotions.
This is consistent with findings from previous research,
demonstrating the antidepressant and anxiolytic effects
of KOR antagonists (Carlezon and Krystal 2016). More-
over, antidepressants have also been utilized in pruritus
treatment (Kuhn et al. 2017). Therefore, the mechanism
by which systemic i.p. administration of U50488H can
induce depression-like behavior may involve the acti-
vation of supraspinal KOR. Compared with studies on
spinal and peripheral nervous system KORs, our find-
ings identify a new therapeutic target for addressing the
clinical issue of the vicious cycle between pain, itching,
and negative emotions. Further investigations targeting
supraspinal brain regions may help us determine the cru-
cial role of KOR in simultaneously treating pain, itching,
and related negative emotions.

Our experimental results show that nor-BNI pretreat-
ment via i.c.v. injection reversed pain, itching, and nega-
tive emotional behaviors induced by i.c.v. administration
of U50488H in mice, implying that these behaviors were
mediated through KOR activation. Previous studies have
demonstrated that US0488H exerts consistent analgesic
effects at the spinal and supraspinal levels when admin-
istered via i.t. and i.c.v. injection methods, respectively
(Murray and Cowan 1991; Aldrich and McLaughlin
2021). In the mouse tail-flick pain test, administration of
U50488H via both i.c.v. and i.t. routes produced analge-
sic effects, with the peak efficacy time for both routes
being 12 min (Takemori et al. 1988). This suggests that
both spinal and supraspinal KORs are involved simulta-
neously in its action in terms of temporal effects. In the
formalin pain test in mice, administration of U50488H
via i.c.v. or i.t. routes resulted in A50 values of 3.3 and
12 pg/mouse, respectively (Murray and Cowan 1991).
This suggests that, in terms of drug dosage, the i.c.v.
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route requires a lower dose than the i.t. route, indicating
that supraspinal KORs act independently and have a dif-
ferent analgesic mechanism from spinal KORs.

The current study utilized the prototypical KOR ago-
nist US0488H as the primary systemic agent, enabling
a comprehensive delineation of central KOR actions.
However, our study has some limitations. First, KOR
agonist application can also lead to side effects such as
sedation, motor impairment, dysphoria, and psychotomi-
mesis. In this present study, we demonstrated that cen-
tral administration of U50488H is relatively safe, with
no obvious motor impairment. However, triazole 1.1, a
G protein-biased ligand at the KOR, did not induce seda-
tion or motor impairment at the tested doses, suggesting
it lacks certain adverse effects typical of KOR compared
with US0488H (Brust et al. 2016). Nevertheless, we still
utilized the prototypical KOR agonist US0488H as the
primary systemic agent to systematically characterize its
supraspinal effects on pain, itching, and negative effects.
This approach enables a comprehensive delineation of
its central actions—both advantageous and disadvanta-
geous—paving the way for subsequent research. Second,
i.c.v. administration can only reflect the overall effects
on the brain and does not specifically reflect the effects
on critical brain regions. Activation of supraspinal KOR
can produce analgesic and antipruritic effects; however,
it may also elicit anxiety and depression. This may be due
to the differential effects of KOR activation in various
brain regions. Further research should focus on identify-
ing the key brain regions and specific neural circuits of
KOR to address this discrepancy.

Conclusions

This study demonstrated that the activation of supraspinal
KOR exhibits analgesic and antipruritic effects, but also
induces anxiety- and depression-like behaviors. These
findings provide further insights into potential treat-
ment strategies for refractory pruritus and pain, as well
as for combined intervention strategies targeting asso-
ciated negative emotions. Compared with interventions
targeting the spinal cord and peripheral nerves, direct
modulation of central KOR can simultaneously treat both
physiological and psychological disorders in patients.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00221-0
25-07066-z.

Author contributions Li Zhang and Shuai Zhou were responsible for
itch behavior and negative emotional behavior assessments. Lujin
Yan, Xinyu Li, and Yunqi Ju were responsible for pain behavior as-
sessments. Bo Wu and Hongjie Wang conducted data analysis. Jian

Wang and Yi Sun were responsible for project design, supervision, and
manuscript writing.

Funding This work was supported by the Natural Science Founda-
tion of Shandong Province (ZR2020MH131), Project of Medical and
Health Science and Technology Development Plan of Shandong Prov-
ince (2019WS316), Project of Medical and Health Science and Tech-
nology Development Plan of Shandong Province (202001020608), and
Natural Science Foundation of Sichuan Province (2023NSFSC1566).

Data availability The data produced in this study can be obtained from
the corresponding author upon reasonable request.

Declarations
Conflict of interest The authors have no conflicts of interest to declare.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

Abraham AD, Schattauer SS, Reichard KL, Cohen JH, Fontaine HM,
Song AJ, Johnson SD, Land BB, Chavkin C (2018) Estrogen
regulation of GRK2 inactivates kappa opioid receptor signaling
mediating analgesia, but not aversion. J Neurosci 38:8031-8043.
https://doi.org/10.1523/INEUROSCIL.0653-18.2018

Aldrich JV, McLaughlin JP (2021) Peptide kappa opioid receptor
ligands and their potential for drug development. In: Liu-Chen
L-Y, Inan S (eds) The kappa opioid receptor. Springer Interna-
tional Publishing, Cham, pp 197-220. https://doi.org/10.1007/1
64 2021 519

Andoh T, Suzuki K, Konno M, Tsuneyama K, Kuraishi Y (2020) Phar-
macological characterization of a novel mouse model of choles-
tatic pruritus. Biol Pharm Bull 43:1111-1117. https://doi.org/10.
1248/bpb.b20-00097

Brust TF, Morgenweck J, Kim SA, Rose JH, Locke JL, Schmid CL,
Zhou L, Stahl EL, Cameron MD, Scarry SM, Aubé J, Jones SR,
Martin TJ, Bohn LM (2016) Biased agonists of the kappa opi-
oid receptor suppress pain and itch without causing sedation or
dysphoria. Sci Signal 9:117. https://doi.org/10.1126/scisignal.aa
18441

Cahill C, Tejeda HA, Spetea M, Chen C, Liu-Chen L-Y (2021) Fun-
damentals of the dynorphins/kappa opioid receptor system: from
distribution to signaling and function. In: Liu-Chen L-Y, Inan S
(eds) The kappa opioid receptor. Springer International Publish-
ing, Cham, pp 3-21. https://doi.org/10.1007/164_2021_433

Can A, Dao DT, Terrillion CE, Piantadosi SC, Bhat S, Gould TD
(2011) The tail suspension test. J Vis Exp 3769. https://doi.org/
10.3791/3769

@ Springer


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1523/JNEUROSCI.0653-18.2018
https://doi.org/10.1523/JNEUROSCI.0653-18.2018
https://doi.org/10.1007/164_2021_519
https://doi.org/10.1007/164_2021_519
https://doi.org/10.1248/bpb.b20-00097
https://doi.org/10.1248/bpb.b20-00097
https://doi.org/10.1126/scisignal.aai8441
https://doi.org/10.1126/scisignal.aai8441
https://doi.org/10.1007/164_2021_433
https://doi.org/10.3791/3769
https://doi.org/10.3791/3769
https://doi.org/10.1007/s00221-025-07066-z
https://doi.org/10.1007/s00221-025-07066-z

116 Page 12 of 13

Experimental Brain Research (2025) 243:116

Carlezon WA, Krystal AD (2016) Kappa-opioid antagonists for psy-
chiatric disorders: from bench to clinical trials: 2015 ADAA sci-
entific research symposium: KORs in psychiatric illness. Depress
Anxiety 33:895-906. https://doi.org/10.1002/da.22500

Coffeen U, Canseco-Alba A, Simon-Arceo K, Almanza A, Mercado F,
Ledn-Olea M, Pellicer F (2018) Salvinorin A reduces neuropathic
nociception in the insular cortex of the rat. Eur J Pain 22:311-318.
https://doi.org/10.1002/ejp.1120

Dirksen R, Van Diejen D, Van Luijtelaar ELIJM, Booij LHDJ (1994)
Site- and test-dependent antinociceptive efficacy of amitriptyline
in rats. Pharmacol Biochem Behav 47:21-26. https://doi.org/10.1
016/0091-3057(94)90106-6

Docherty C, McPeake J, Quasim T, MacTavish P, Devine H, O’Brien
P, Strachan L, Lucie P, Hogg L, Sim M, Shaw M (2023) The rela-
tionship between pain, anxiety and depression in patients with
post-intensive care syndrome. J Crit Care 78:154359. https://doi.
org/10.1016/j.jerc.2023.154359

Dogra S, Kumar A, Umrao D, Sahasrabuddhe AA, Yadav PN (2016)
Chronic kappa opioid receptor activation modulates NR2B:
implication in treatment resistant depression. Sci Rep 6:33401. h
ttps://doi.org/10.1038/srep33401

Dunham NW, Miya TS (1957) A note on a simple apparatus for detect-
ing neurological deficit in rats and mice. ] Am Pharm Assoc Sci
Ed 46:208-209. https://doi.org/10.1002/jps.3030460322

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

Huong NTT, Matsumoto K, Yamasaki K, Duc NM, Nham NT, Wata-
nabe H (1997) Majonoside-R2, a major constituent of Vietnamese
ginseng, attenuates opioid-induced antinociception. Pharmacol
Biochem Behav 57:285-291. https://doi.org/10.1016/S0091-305
7(96)00348-6

Huskinson SL, Platt DM, Zamarripa CA, Dunaway K, Brasfield M,
Prisinzano TE, Blough BE, Freeman KB (2022) The G-protein
biased kappa opioid agonists, Triazole 1.1 and Nalfurafine, pro-
duce non-uniform behavioral effects in male rhesus monkeys.
Pharmacol Biochem Behav 217:173394. https://doi.org/10.1016
/j.pbb.2022.173394

Inan S, Cowan A (2020) Antipruritic effects of kappa opioid receptor
agonists: evidence from rodents to humans. In: Liu-Chen L-Y,
Inan S (eds) The kappa opioid receptor. Springer International
Publishing, Cham, pp 275-292

Kamei J, Nagase H (2001) Norbinaltorphimine, a selective k-opioid
receptor antagonist, induces an itch-associated response in mice.
Eur J Pharmacol 418:141-145. https://doi.org/10.1016/s0014-29
99(01)00941-4

Kardon AP, Polgar E, Hachisuka J, Snyder LM, Cameron D, Sav-
age S, Cai X, Karnup S, Fan CR, Hemenway GM, Bernard CS,
Schwartz ES, Nagase H, Schwarzer C, Watanabe M, Furuta T,
Kaneko T, Koerber HR, Todd AJ, Ross SE (2014) Dynorphin acts
as a neuromodulator to inhibit itch in the dorsal Horn of the spinal
cord. Neuron 82:573-586. https://doi.org/10.1016/j.neuron.2014
.02.046

Khan MIH, Sawyer BJ, Akins NS, Le HV (2022) A systematic review
on the kappa opioid receptor and its ligands: new directions for
the treatment of pain, anxiety, depression, and drug abuse. Eur J
Med Chem 243:114785. https://doi.org/10.1016/j.ejmech.2022.1
14785

Ko MCH, Lee H, Song MS, Sobczyk-Kojiro K, Mosberg HI, Kish-
ioka S, Woods JH, Naughton NN (2003) Activation of k-opioid
receptors inhibits pruritus evoked by subcutaneous or intrathecal
administration of morphine in monkeys. J Pharmacol Exp Ther
305:173-179. https://doi.org/10.1124/jpet.102.044909

@ Springer

Kremer M, Becker LJ, Barrot M, Yalcin I (2021) How to study anxiety
and depression in rodent models of chronic pain? Eur J Neurosci
53:236-270. https://doi.org/10.1111/ejn.14686

Kuhn H, Mennella C, Magid M, Stamu-O’Brien C, Kroumpouzos G
(2017) Psychocutaneous disease. ] Am Acad Dermatol 76:795—
808. https://doi.org/10.1016/j.jaad.2016.11.021

Liebsch G, Montkowski A, Holsboer F, Landgraf R (1998) Behav-
ioural profiles of two Wistar rat lines selectively bred for high or
low anxiety-related behaviour. Behav Brain Res 94:301-310. htt
ps://doi.org/10.1016/S0166-4328(97)00198-8

Machelska H, Celik MO (2018) Advances in achieving opioid analge-
sia without side effects. Front Pharmacol 9:1388. https://doi.org/1
0.3389/fphar.2018.01388

Malfliet A, Coppieters I, Van Wilgen P, Kregel J, De Pauw R, Dol-
phens M, Ickmans K (2017) Brain changes associated with cogni-
tive and emotional factors in chronic pain: A systematic review.
Eur J Pain 21:769-786. https://doi.org/10.1002/ejp.1003

Mansikka H, Uhl G (2004) Nerve injury induces a tonic bilateral
p-opioid receptor— mediated inhibitory effect on mechanical allo-
dynia in mice. Srinivasa N Raja Anesthesiology 100:912-921. ht
tps://doi.org/10.1097/00000542-200404000-00022

Michaelides A, Zis P (2019) Depression, anxiety and acute pain: links
and management challenges. Postgrad Med 131:438-444. https:/
/doi.org/10.1080/00325481.2019.1663705

Mika J, Popiolek-Barczyk K, Rojewska E, Makuch W, Starowicz K,
Przewlocka B (2014) Delta-opioid receptor analgesia is indepen-
dent of microglial activation in a rat model of neuropathic pain.
PLoS ONE 9:e104420. https://doi.org/10.1371/journal.pone.010
4420

Murray CW, Cowan A (1991) Tonic pain perception in the mouse: dif-
ferential modulation by three receptor-selective opioid agonists. J
Pharmacol Exp Ther 257(1):335-341

Narita M, Takahashi Y, Takamori K, Funada M, Suzuki T, Misawa M,
Nagase H (1993) Effects of kappa-agonist on the antinociception
and locomotor enhancing action induced by morphine in mice.
Jpn J Pharmacol 62(1):15-24. https://doi.org/10.1254/jjp.62.15

Nguyen E, Smith KM, Cramer N, Holland RA, Bleimeister IH, Flores-
Felix K, Silberberg H, Keller A, Pichon CEL, Ross SE (2022)
Medullary kappa-opioid receptor neurons inhibit pain and itch
through a descending circuit. Brain 145:2586-2601. https://doi.
org/10.1093/brain/awac189

Page S, Mavrikaki MM, Lintz T, Puttick D, Roberts E, Rosen H, Car-
roll FI, Carlezon WA, Chartoff EH (2019) Behavioral Pharma-
cology of novel kappa opioid receptor antagonists in rats. Int J
Neuropsychopharmacol. https://doi.org/10.1093/ijnp/pyz054.
pyz054

Papoiu ADP, Coghill RC, Kraft RA, Wang H, Yosipovitch G (2012) A
Tale of two itches. Common features and notable differences in
brain activation evoked by cowhage and Histamine induced itch.
Neurolmage 59:3611-3623. https://doi.org/10.1016/j.neuroimag
¢.2011.10.099

Peng J, Sarkar S, Chang SL (2012) Opioid receptor expression in
human brain and peripheral tissues using absolute quantitative
real-time RT-PCR. Drug Alcohol Depend 124:223-228. https://
doi.org/10.1016/j.drugalcdep.2012.01.013

Pieretti S, Giannuario AD, Domenici MR, Loizzo A (1994) Dexa-
methasone-induced selective Inhibition of the central M opioid
receptor: functional in vivo and in vitro evidence in rodents. Br
J Pharmacol 113:1416-1422. https://doi.org/10.1111/j.1476-5381
.1994.tb17155.x

Privette TH, Terrian DM (1995) Kappa opioid agonists produce anxio-
lytic-like behavior on the elevated plus-maze. Psychopharmacol-
ogy 118:444-450. https://doi.org/10.1007/BF02245945

Roerig C (1989) Multiplicative interaction between intrathecally and
intracerebroventricularly administered mu opioid agonists but


https://doi.org/10.1111/ejn.14686
https://doi.org/10.1016/j.jaad.2016.11.021
https://doi.org/10.1016/S0166-4328(97)00198-8
https://doi.org/10.1016/S0166-4328(97)00198-8
https://doi.org/10.3389/fphar.2018.01388
https://doi.org/10.3389/fphar.2018.01388
https://doi.org/10.1002/ejp.1003
https://doi.org/10.1097/00000542-200404000-00022
https://doi.org/10.1097/00000542-200404000-00022
https://doi.org/10.1080/00325481.2019.1663705
https://doi.org/10.1080/00325481.2019.1663705
https://doi.org/10.1371/journal.pone.0104420
https://doi.org/10.1371/journal.pone.0104420
https://doi.org/10.1254/jjp.62.15
https://doi.org/10.1093/brain/awac189
https://doi.org/10.1093/brain/awac189
https://doi.org/10.1093/ijnp/pyz054
https://doi.org/10.1016/j.neuroimage.2011.10.099
https://doi.org/10.1016/j.neuroimage.2011.10.099
https://doi.org/10.1016/j.drugalcdep.2012.01.013
https://doi.org/10.1016/j.drugalcdep.2012.01.013
https://doi.org/10.1111/j.1476-5381.1994.tb17155.x
https://doi.org/10.1111/j.1476-5381.1994.tb17155.x
https://doi.org/10.1007/BF02245945
https://doi.org/10.1002/da.22500
https://doi.org/10.1002/ejp.1120
https://doi.org/10.1002/ejp.1120
https://doi.org/10.1016/0091-3057(94)90106-6
https://doi.org/10.1016/0091-3057(94)90106-6
https://doi.org/10.1016/j.jcrc.2023.154359
https://doi.org/10.1016/j.jcrc.2023.154359
https://doi.org/10.1038/srep33401
https://doi.org/10.1038/srep33401
https://doi.org/10.1002/jps.3030460322
https://doi.org/10.1016/0304-3959(88)90026-7
https://doi.org/10.1016/0304-3959(88)90026-7
https://doi.org/10.1016/S0091-3057(96)00348-6
https://doi.org/10.1016/S0091-3057(96)00348-6
https://doi.org/10.1016/j.pbb.2022.173394
https://doi.org/10.1016/j.pbb.2022.173394
https://doi.org/10.1016/s0014-2999(01)00941-4
https://doi.org/10.1016/s0014-2999(01)00941-4
https://doi.org/10.1016/j.neuron.2014.02.046
https://doi.org/10.1016/j.neuron.2014.02.046
https://doi.org/10.1016/j.ejmech.2022.114785
https://doi.org/10.1016/j.ejmech.2022.114785
https://doi.org/10.1124/jpet.102.044909

Experimental Brain Research (2025) 243:116

Page 130f 13 116

limited interactions between delta and kappa agonists for antino-
ciception in mice. J Pharmacol Exp Ther 249:762-768

Rutten K, Schroder W, Christoph T, Koch T, Tzschentke TM (2018)
Selectivity profiling of NOP, MOP, DOP and KOP receptor antag-
onists in the rat spinal nerve ligation model of mononeuropathic
pain. Eur J Pharmacol 827:41-48. https://doi.org/10.1016/j.ejph
ar.2018.03.008

Silverberg JI (2019) Comorbidities and the impact of atopic dermatitis.
Ann Allergy Asthma Immunol 123:144-151. https://doi.org/10.1
016/j.anai.2019.04.020

Sounvoravong S, Takahashi M, Nakashima MN, Nakashima K
(2004) Disability of development of tolerance to morphine and
U-50,488H, a selective -opioid receptor agonist, in neuropathic
pain model mice. J Pharmacol Sci 94:305-312. https://doi.org/1
0.1254/jphs.94.305

Spetea M, Eans SO, Ganno ML, Lantero A, Mairegger M, Toll L,
Schmidhammer H, McLaughlin JP (2017) Selective K receptor
partial agonist HS666 produces potent antinociception without
inducing aversion after I.c.v. Administration in mice. Br J Phar-
macol 174:2444-2456. https://doi.org/10.1111/bph.13854

Sprenger T, Valet M, Boecker H, Henriksen G, Spilker ME, Willoch F,
Wagner KJ, Wester HJ, Télle TR (2006) Opioidergic activation in
the medial pain system after heat pain. Pain 122:63—67. https://do
i.org/10.1016/j.pain.2006.01.003

Takemori AE, Ho BY, Naeseth JS, Portoghese PS (1988) Nor-bin-
altorphimine, a highly selective kappa-opioid antagonist in
analgesic and receptor binding assays. J Pharmacol Exp Ther
246(1):255-258

Wakasa Y, Fujiwara A, Umeuchi H, Endoh T, Okano K, Tanaka T,
Nagase H (2004) Inhibitory effects of TRK-820 on systemic skin
scratching induced by morphine in rhesus monkeys. Life Sci
75:2947-2957. https://doi.org/10.1016/j.1fs.2004.05.033

Wang X, Yang G, Bai Y, Feng Y, Li H (2018) The behavioral study
on the interactive aggravation between pruritus and depression.
Brain Behav 8:¢00964. https://doi.org/10.1002/brb3.964

Wiley MD, Poveromo LB, Antapasis J, Herrera CM (2009)
k-opioid system regulates the long-lasting behavioral adap-
tations induced by early-life exposure to methylphenidate.

Neuropsychopharmacology 34:1339-1350. https://doi.org/10.10
38/npp.2008.188

Wittert G, Hope P, Pyle D (1996) Tissue distribution of opioid recep-
tor gene expression in the rat. Biochem Biophys Res Commun
218:877-881. https://doi.org/10.1006/bbrc.1996.0156

Wittmann W, Schunk E, Rosskothen I, Gaburro S, Singewald N, Her-
zog H, Schwarzer C (2009) Prodynorphin-derived peptides are
critical modulators of anxiety and regulate neurochemistry and
corticosterone. Neuropsychopharmacology 34:775-785. https://d
oi.org/10.1038/npp.2008.142

Wu T, Yao H, Zhang B, Zhou S, Hou P, Chen K (2021) k opioid recep-
tor agonist inhibits myocardial injury in heart failure rats through
activating Nrf2/HO-1 pathway and regulating Ca2+-SERCA?2a.
Oxid Med Cell Longev 2021:1-13. https://doi.org/10.1155/2021
/7328437

Yamamoto A, Sugimoto Y (2010) Involvement of peripheral mu opi-
oid receptors in scratching behavior in mice. Eur J Pharmacol
649:336-341. https://doi.org/10.1016/j.ejphar.2010.07.039

Yoshizaki K, Asai M, Hara T (2020) High-fat diet enhances working
memory in the Y-maze test in male C57BL/6J mice with less anx-
iety in the elevated plus maze test. Nutrients 12:2036. https://doi.
org/10.3390/nu12072036

Zhang X-M, Lun M-H, Du W, Ma F, Huang Z-Q (2022a) The x-opioid
receptor agonist US0488H ameliorates neuropathic pain through
the Ca2+/CaMKII/CREB pathway in rats. J Inflamm Res
15:3039-3051. https://doi.org/10.2147/JIR.S327234

Zhang J, Junigan JM, Trinh R, Kavelaars A, Heijnen CJ, Grace PM
(2022b) HDACS6 Inhibition reverses cisplatin-induced mechani-
cal hypersensitivity via tonic delta opioid receptor signaling. J
Neurosci 42:7862—7874. https://doi.org/10.1523/JINEUROSCI.1
182-22.2022

Zhou X, Wang D, Zhang Y, Zhang J, Xiang D, Wang H (2015) Activa-
tion of k-opioid receptor by U50,488H improves vascular dys-
function in streptozotocin-induced diabetic rats. BMC Endocr
Disord 15:7. https://doi.org/10.1186/512902-015-0004-7

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/npp.2008.188
https://doi.org/10.1038/npp.2008.188
https://doi.org/10.1006/bbrc.1996.0156
https://doi.org/10.1038/npp.2008.142
https://doi.org/10.1038/npp.2008.142
https://doi.org/10.1155/2021/7328437
https://doi.org/10.1155/2021/7328437
https://doi.org/10.1016/j.ejphar.2010.07.039
https://doi.org/10.3390/nu12072036
https://doi.org/10.3390/nu12072036
https://doi.org/10.2147/JIR.S327234
https://doi.org/10.1523/JNEUROSCI.1182-22.2022
https://doi.org/10.1523/JNEUROSCI.1182-22.2022
https://doi.org/10.1186/s12902-015-0004-7
https://doi.org/10.1016/j.ejphar.2018.03.008
https://doi.org/10.1016/j.ejphar.2018.03.008
https://doi.org/10.1016/j.anai.2019.04.020
https://doi.org/10.1016/j.anai.2019.04.020
https://doi.org/10.1254/jphs.94.305
https://doi.org/10.1254/jphs.94.305
https://doi.org/10.1111/bph.13854
https://doi.org/10.1016/j.pain.2006.01.003
https://doi.org/10.1016/j.pain.2006.01.003
https://doi.org/10.1016/j.lfs.2004.05.033
https://doi.org/10.1002/brb3.964

	﻿Supraspinal kappa-opioid receptors: new therapeutic strategies for pain, pruritus, and negative emotions
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Animals
	﻿Drug
	﻿Experimental design and animal grouping
	﻿Hargreaves test
	﻿Acute itch test
	﻿Open-field test (OFT)
	﻿Elevated plus maze (EPM) test
	﻿Tail suspension test (TST)
	﻿Rota-rod test
	﻿Software and data analysis

	﻿Results
	﻿Intracerebroventricular U50488H administration mitigates radiant heat-induced thermal hyperalgesia in hargreaves testing
	﻿Intracerebroventricular U50488H administration suppresses scratching responses induced by Histamine and chloroquine
	﻿Intracerebroventricular U50488H administration induces anxiety-like behavior in mice
	﻿Intracerebroventricular U50488H administration induces depression-like behavior: evidence from TSTs
	﻿Intracerebroventricular U50488H administration does not impair motor function in mice

	﻿Discussion
	﻿Conclusions
	﻿References


