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Itch is an uncomfortable and complex sensation that elicits the desire to scratch. The nucleus accumbens (NAc) activity is im-
portant in driving sensation, motivation, and emotion. Excitatory afferents from the medial prefrontal cortex (mPFC), amyg-
dala, and hippocampus are crucial in tuning the activity of dopamine receptor D1-expressing and D2-expressing medium
spiny neurons (Drd1-MSN and Drd2-MSN) in the NAc. However, a cell-type and neural circuity-based mechanism of the NAc
underlying acute itch remains unclear. We found that acute itch induced by compound 48/80 (C48/80) decreased the intrinsic
membrane excitability in Drd1-MSNs, but not in Drd2-MSNs, in the NAc core of male mice. Chemogenetic activation of
Drd1-MSNs alleviated C48/80-induced scratching behaviors but not itch-related anxiety-like behaviors. In addition, C48/80
enhanced the frequency of spontaneous EPSCs (sEPSCs) and reduced the paired-pulse ratio (PPR) of electrical stimulation-
evoked EPSCs in Drd1-MSNs. Furthermore, C48/80 increased excitatory synaptic afferents to Drd1-MSNs from the mPFC, not
from the basolateral amygdala (BLA) or ventral hippocampus (vHipp). Consistently, the intrinsic excitability of mPFC-NAc
projecting pyramidal neurons was increased after C48/80 treatment. Chemogenetic inhibition of mPFC-NAc excitatory synap-
tic afferents relieved the scratching behaviors. Moreover, pharmacological activation of j opioid receptor (KOR) in the NAc
core suppressed C48/80-induced scratching behaviors, and the modulation of KOR activity in the NAc resulted in the changes
of presynaptic excitatory inputs to Drd1-MSNs in C48/80-treated mice. Together, these results reveal the neural plasticity in
synapses of NAc Drd1-MSNs from the mPFC underlying acute itch and indicate the modulatory role of the KOR in itch-
related scratching behaviors.
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Significance Statement

Itch stimuli cause strongly scratching desire and anxiety in patients. However, the related neural mechanisms remain largely
unclear. In the present study, we demonstrated that the pruritogen compound 48/80 (C48/80) shapes the excitability of dopa-
mine receptor D1-expressing medium spiny neurons (Drd1-MSNs) in the nucleus accumbens (NAc) core and the glutamater-
gic synaptic afferents from medial prefrontal cortex (mPFC) to these neurons. Chemogenetic activation of Drd1-MSNs or
inhibition of mPFC-NAc excitatory synaptic afferents relieves the scratching behaviors. In addition, pharmacological activa-
tion of k opioid receptor (KOR) in the NAc core alleviates C48/80-induced itch. Thus, targeting mPFC-NAc Drd1-MSNs or
KOR may provide effective treatments for itch.

Introduction
Itch is a complex and uncomfortable sensation that strongly
provokes the desire to scratch. Repeated, excessive scratches
cause severe damage to the skin tissue and diminish the qual-
ity of life in patients with chronic itch (Murota et al., 2010;
Zachariae et al., 2012; Lavery et al., 2016). Human imaging
studies showed that scratching is related to the activity of the
reward system, including the prefrontal cortex, orbitofrontal
cortex, midbrain, and caudate nucleus (Papoiu et al., 2013;
Mochizuki et al., 2014, 2015). However, itching also triggers
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negative emotions like anxiety and depression (Bartels et al.,
2016; Sanders and Akiyama, 2018). Recent studies have identi-
fied that neuronal populations in the amygdala are involved in
itch-related sensation and negative emotions (Sanders et al.,
2019; Samineni et al., 2021). Additionally, the ventral tegmen-
tal area (VTA) dopaminergic neurons process the itch-related
scratching behavior, while GABAergic neurons are implicated
in the itch-induced aversion (Su et al., 2019).

The nucleus accumbens (NAc) is a critical brain region of
mesolimbic dopamine circuitry and roughly divided into the
core and shell subregions (Zahm and Brog, 1992). The two sub-
regions have distinct anatomic structures and encode relatively
different behaviors, but share similar local circuitry (Floresco,
2015). NAc primarily receives excitatory afferents from the
medial prefrontal cortex (mPFC), basolateral amygdala (BLA),
ventral hippocampus (vHipp), and thalamus that are involved in
motivation/desire-related behaviors (Suska et al., 2013; LeGates
et al., 2018; Y. Wang et al., 2020; Chisholm et al., 2021). A recent
study provide evidence that itch stimuli dynamically regulate do-
pamine level in the NAc shell region, which is involved in itch-
related scratching (Yuan et al., 2018, 2019). In addition, the ante-
rior cingulate cortex and amygdala are activated by itch stimuli
(Lu et al., 2018; Sanders et al., 2019; Zhang et al., 2022). These
results support the circuitry containing such brain regions
may contribute to the itch-related activities. Excitatory synap-
tic afferents integrate in the NAc medium-sized spiny neurons
(MSNs), which are transcriptionally segregated into dopamine
D1 receptor-expressing MSNs (Drd1-MSNs) and D2 recep-
tor-expressing MSNs (Drd2-MSNs; Kreitzer, 2009). Previous
studies demonstrated that different activities of Drd1- and
Drd2-MSNs might code distinct emotional behavior responses
(Soares-Cunha et al., 2016). However, the neural circuits and
functional roles of the NAc MSN subtypes underlying itch-related
scratching and affective components remain unknown.

In the NAc, the k opioid receptor (KOR) is densely expressed
on the presynaptic terminals of dopaminergic and glutamatergic
inputs and regulates the release of dopamine and glutamate
(Hjelmstad and Fields, 2001; Karkhanis et al., 2016). Activation
of KOR in the NAc modulates the response to reward (Chartoff
et al., 2016) and aversive stimuli, including pain-induced nega-
tive affect (Massaly et al., 2019). Pharmacological studies have
shown that KOR agonists are promising therapeutic candidates
for intractable itch by their antipruritic effects in both animals
and humans (Phan et al., 2012). However, the underlying mecha-
nisms of the antipruritic effects for KOR activation remain elu-
sive. In this study, we investigated the role of MSN subtypes in
the NAc core and their excitatory afferent circuits in itch-related
behaviors and provided the cellular evidence for KOR modula-
tion on synaptic adaptation in itch signal processing.

Materials and Methods
Animals
All animal procedures performed in this study were reviewed and
approved by the Animal Care and Use Committee of Nantong
University (Jiangsu, China). Male mice (8�12 weeks) were main-
tained on a 12/12 h light/dark cycle (lights on at 6:30 A.M.) at
room temperature of 226 3°C with free access to food and water.
All mice were acclimated to the animal facility for 5–7 d before the
initiation of experimental procedures. Drd1a-tdTomato (6Calak/J,
catalog #016204, The Jackson Laboratory), Drd2-EGFP (B6.FVB
(Cg)-Tg(Drd2-EGFP)S118Gsat/KreMmucd, catalog #036931-UCD,
MMRRC), and Drd1a-Cre (Tg(Drd1-cre)EY217Gsat/Mmcd, catalog
#030778-UCD, MMRRC) BAC transgenic mice on a C57BL/6J back-
ground were used in this study.

Drugs
U50488 was purchased from Tocris Bioscience. Compound 48/80
(C48/80), picrotoxin (PTX), clozapine N-oxide (CNO), norbinaltor-
phimine (nor-BNI), and the other chemicals were purchased from
Sigma-Aldrich.

Brain cannula implantation and drug injection
The animals were anesthetized with isoflurane. Guided cannulas
(26 G, RWD Life Science) were implanted above the bilateral NAc
(AP: 11.5 mm; lateral: 60.8 mm; depth: �4.0 mm from the skull).
An injection needle (32 G, Hamilton) was inserted through the
guide cannula, and drug solution or vehicle (0.3ml/site) was slowly
injected over 5 min. Locations of the cannula placement were con-
firmed at the time of tissue harvest.

Stereotaxic surgery
For optogenetic manipulation, the mice were anesthetized with
isoflurane and immobilized with a stereotaxic frame (RWD Life
Science). After a craniotomy was performed, each mouse received
a bilateral injection of pAAV9-CamKIIa-ChR2 (H134R)-eYFP
(AAV-CaMKIIa-ChR2-eYFP, viral titer 5.2� 1012 vg/ml; packaged
by Shanghai OBiO Technology) into the mPFC (stereotaxic coor-
dinates from bregma: A/P: 11.6 mm, M/L: 60.4 mm, D/V: �2.5
mm), BLA (A/P: �1.3 mm, M/L: 62.8 mm, D/V: �4.8 mm), or
vHipp (A/P: �3.1 mm, M/L: 62.9 mm, D/V: �4.5 mm). A total of
0.4–0.6ml (two sites) of virus solution was infused at a rate of
0.05ml/min by a syringe pump. The amount of the injection vol-
ume is 0.6ml (0.3ml/site) into mPFC, 0.4ml (0.2ml/site) into BLA,
and 0.6ml (0.3ml/site) into vHipp. For chemogenetic manipulation,
AAV5-Ef1a-DIO-hM3D(Gq)-mCherry (AAV-DIO-hM3Dq-mCherry),
AAV5-Ef1a-DIO-hM4D(Gi)-mCherry (AAV-DIO-hM4Di-mCherry),
or AAV5-Ef1a-DIO-mCherry (AAV-DIO-mCherry) were bilater-
ally injected into the NAc core. For chemogenetic inhibition of
PFC-NAc synaptic projections, AAV5-CaMKIIa-hM4D(Gi)-mCherry
(AAV-CaMKIIa-hM4Di-mCherry) or AAV5-CaMKIIa-mCherry (AAV-
CaMKIIa-mCherry) were bilaterally injected into the mPFC (places are
same as above), and then the cannulas were implanted into the NAc. After
injection, the syringe was left in place for 8–10min. To identify PFC-NAc
projection pyramidal neurons, 0.1ml/site retrobeads green was bilaterally
injected into the NAc core (AP: 11.5 mm; lateral: 60.8 mm; depth: �4.2
mm from the skull).

Neck model of acute itch
All mice were shaved on the back of neck and then were habituated to
the experimenters by handling for 3 d before experiments. For the
scratching behavior test, mice were individually placed into small plastic
chambers (15� 15� 15 cm) on an elevated metal mesh floor and habi-
tuated for at least 30min. After mild anesthesia with isoflurane, mice
were injected intradermally with Compound 48/80 (C48/80, 100mg/
50ml; Sigma-Aldrich) or saline into the rostral back skin. Immediately
after the injection, the itch-related scratching behavior was recorded
with a video camera for 30min and the bouts of scratching were
assessed. One bout of scratching was counted as a mouse lifting of either
hindpaw to scratch the injection site of the shaved skin and then return-
ing it back to the floor or licking/biting of the toes (Jing et al., 2018; Z.H.
Wu et al., 2021).

Elevated plus-maze test (EPMT)
The elevated plus-maze (EPM) test (EPMT) apparatus consisted of four
arms (30 cm long and 5 cm wide) and was elevated 32 cm from the floor.
All mice were acclimated to the testing room 45min before the initiation
of the experiment. After intradermal injection of C48/80 or saline, each
mouse was placed back in the home cage for 30min. After that, each
mouse was placed at the center square of the maze, facing the open arm,
and allowed to explore the maze for 5min. The entry into an arm was
counted by the presence of all four paws on the floor of that arm. The
total time spent in the open arms and the number of entries to these
arms were used in the assessment of anxiety-like behavior. The animal
behavior parameters were analyzed with a video tracking and analysis
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system (ANY-maze software, Stoelting). To eliminate the possible bias,
all the arms were equally illuminated and thoroughly cleaned with 75%
ethanol after each trial.

Open-field test (OFT)
The open-field (OF) test (OFT) apparatus is composed of a white PVC
box (60� 60 cm, 50 cm in height). The floor was subdivided into 16
equal parts. The central zone was defined by the four squares in the
middle field. Same as in the EPM test, each mouse was acclimated
to the testing room 45min before the initiation of the experiment.
After intradermal injection of C48/80 or saline, each mouse was
placed back in the home cage for 30 min. Then the mouse was put
in the middle of the field and was tested individually within a 5-
min session. The behavioral data were analyzed by the ANY-maze
system (Stoelting Co). The time spent in the central zone and the
total travel distance was counted. The inner sides of the apparatus
were carefully cleaned with 75% ethanol after each trial.

Brain slices preparation and patch-clamp recording
Brain slice preparation and whole-cell recordings were conducted the
same as our published protocol (X.B. Wu et al., 2018). Briefly, 30min af-
ter saline or C48/80 intradermal injection, the mice were anesthetized
with isoflurane and decapitated. The brains were quickly removed and
immediately immersed into the ice-cold artificial CSF (aCSF). Sucrose-
rich aCSF contains 235 mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 1
mM CaCl2, 2.5 mM MgCl2, 25 mM NaHCO3, and 10 mM glucose, oxygen-
ated with 95% O2 plus 5% CO2. Coronal brain slices (250mm) contain-
ing the NAc core or PFC region were cut with a vibratome (Series 1000;
Leica). Slices were incubated with oxygenated (95% O2 1 5% CO2) nor-
mal aCSF containing 125 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2.4
mM CaCl2, 1.2 mM MgCl2, 26 mM NaHCO3, and 10 mM glucose for
30min at 34°C and subsequently stored in room temperature at least 1 h
before electrophysiological recording.

Slices were placed in a recording chamber and were continu-
ously perfused with oxygenated normal aCSF. Cells were visualized
by an infrared-differential interference contrast (IR-DIC) and flu-
orescent microscope (BX51WIF, Olympus) equipped with a digital
sCMOS camera (optiMOS, QImaging, United States). Whole-cell
patch-clamp recordings of NAc core neurons were conducted using a
patch-clamp amplifier (Multiclamp 700B; Molecular Devices). Data acqui-
sition was performed by using a digitizer (DigiData 1400A; Molecular
Devices) and analyzed with Clampfit 10.4 software (Molecular Devices),
respectively. Cells located in the ventral-medial subregion of the NAc core
MSNs with tdTomato (Drd11) or eGFP (Drd21) were identified by their
fluorescence. A typical MSN was further confirmed by its small morphol-
ogy (somatic diameters, ,20mm) and hyperpolarized resting membrane
potential (RMP; hyperpolarize than �75mV). For PFC-NAc projection
pyramidal neurons recording, retrobeads positive cells in the PFC region
were identified by their green fluorescence. The patch pipette resistance
was 4–8 MV when filled with pipette solution, and seal resistances
were.1 GV. Data were digitized at 10 kHz and low-pass filtered at
2 kHz.

The intrinsic membrane excitability recordings were performed with
a pipette solution containing 120 mM K-gluconate, 20 mM KCl, 0.3 mM

GTP-Tris, 4 mM Na2ATP, 10 mM HEPES, 0.2 mM EGTA, and 2 mM

MgCl2, pH 7.2–7.4, which adjusted with KOH. After establishing a well
whole-cell configuration, recordings were done in the current-clamp
model at room temperature (236 1°C). All neuronal excitability meas-
urements were performed at the resting membrane potential (RMP).
Only the RMP “stable” (oscillating,3mV within 5min) neurons were
adopted for the following recordings. A series of step currents (�200 to
1200 pA, with a 20-pA increment, pulse duration, 1 s, and interpulse
interval, 15 s) were run (at least three runs) to measure the membrane
properties. For a recorded neuron, the number of evoked action poten-
tials with a variation.20% (run-down or run-up) were excluded from
further data analysis.

To measure the EPSCs, electrodes were filled with a cesium-based in-
ternal pipette solution containing 120 mM cesium methanesulfonate, 2
mM NaCl, 20 mM HEPES, 5 mM tetraethylammonium-Cl, 0.4 mM EGTA,

2.5 mM Na2ATP, 0.3 mM GTP-Tris, and 2.5 mM QX-314, pH 7.2–7.4,
which adjusted with CsOH. The spontaneous and evoked EPSCs were
recorded at �70mV in a voltage-clamp model. Spontaneous EPSCs
(sEPSCs) were obtained at least 10min for each recorded cell and
GABAA receptor antagonist picrotoxin (PTX; 100 mM) was present in
the aCSF. For sEPSCs analysis, a template was conducted by averaging
80–100 hand-picked spontaneous events with pClamp10.4 software. To
measure the role of the k receptor in excitatory synaptic transmission at
the NAc core, miniature EPSCs (mEPSCs) were obtained in the presence
of 100 mM PTX and 1 mM TTX. The selective KOR agonist U50488 (1
mM) or selective KOR antagonist nor-BNI (0.1 mM) was added to the
aCSF after the basal recording (Mu et al., 2011; Kallupi et al., 2013).
Electrical stimulations (produced by Master 8; AMPI Technologies)
at 0.1 Hz (pulse of 100-ms duration) by a concentric bipolar electrode
(FHC) were used to evoke EPSCs in some experiments. The stimulat-
ing electrode was placed 150–200mm rostral to the recording elec-
trode. The intensity inducing the 60% of the maximum amplitude of
EPSC was adopted as the test stimulation, except for the experiment
for conducting the input-output (I-O) relationship of EPSCs. For
each cell at each stimulus intensity tested, ;20 consecutive EPSCs
were recorded and the peak amplitudes were averaged. A series of
interpulses interval times (25, 50, 100, and 200ms) was adopted in
the paired-pulse ratio (PPR) test.

To stimulate specific synaptic inputs into NAc slices, a LED illu-
mination (LAMBDA HPX-5, Sutter Instrument) coupled with a
band pass excitation filter (470/40 nm) was used in the experiment.
Optical stimulation pulse (2 ms, 2–5 mW) was chosen for each cell
recording. The GABAA receptor antagonist PTX (100 mM) was pres-
ent in the aCSF throughout the experiment. The interpulses interval
time containing 50, 100, 200ms, and 10 s was used in light stimula-
tion evoked PPR test. The AMPAR/NMDAR ratio was calculated by
EPSCs (;20 consecutive traces) recorded at �70mV and then hold-
ing the cell to 140mV and collecting another EPSCs (;20 consecu-
tive traces). The averaged EPSCs peak at �70mV was measured as
the AMPAR-mediated EPSC. The NMDAR-mediated EPSCs were
calculated by measuring the value of the averaged EPSCs (held
at140mV) after 50–55ms of light stimulation.

Histology and imaging
Animals were deeply anesthetized with isoflurane and perfused intracar-
dially with cold PBS followed by 4% paraformaldehyde (PFA). Brains
were removed and postfixed in 4% PFA for 6–8 h at 4°C, and then trans-
ferred to PBS. Slices were coronal cut in a cryostat at 30mm or in a vibra-
tome at 100mm (Leica VT-1000; Fig. 6B). Then slices were washed and
mounted. Images were captured using a Nikon fluorescence microscope
(Nikon Ni-E) with a 10� objective or confocal microscope (Leica SP8).

Experimental design and statistical analysis
All sample sizes and experimental design were based on previously pub-
lished data from our lab and similar experiments in the field. All results
were presented as the mean 6 SEM. Data normality were assessed by
the Kolmogorov–Smirnov (K-S) test. Unpaired Student’s t test was used
when datasets passed the normality test. The Mann–Whitney nonpara-
metric test was used for datasets not passing a normal distribution. The
number of spikes and the behavioral effect of chemogenetic regulation
were analyzed using a two-way repeated measure ANOVA or mixed-
effects model. Data were analyzed and graphed using Prism 8.0 software
(GraphPad). The criterion for statistical significance was p, 0.05.

Results
Intradermal injection of C48/80 decreases the intrinsic
excitability of Drd1-MSNs in the NAc core
Intradermal injection of C48/80 is a well-validated histamine-de-
pendent itch model. As previously reported (Sanders et al.,
2019), injection of C48/80 caused robust scratching behaviors
(Fig. 1A). In addition, C48/80-treated mice show less time spent
in the open arms and less number of entries into the open arms
on the EPM (Fig. 1B,C). The time spent in the central zone and
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travel distance on the OF were decreased in mice treated with
C48/80 (Fig. 1D,E), indicating that C48/80 induces anxiety-like
behaviors. We then tested whether C48/80 affects the membrane
excitability of Drd1-MSNs and Drd2-MSNs in the NAc core of
Drd1-tdTomato and Drd2-EGFP transgenic mice using patch-
clamp recordings in brain slices (Fig. 1F–H). The C48/80 injec-
tion resulted in a significantly hyperpolarized RMP in Drd1-

MSNs (Fig. 1I) and an increased rheobase current (the minimal
current necessary to elicit firing; Fig. 1J). The number of the
evoked action potentials recorded from Drd1-MSNs was
decreased in C48/80-treated mice (Fig. 1K,L). In contrast, the
RMP, rheobase current, and evoked action potentials in Drd2-
MSNs were comparable between saline and C48/80 groups (Fig.
1M–P).

Figure 1. C48/80 reduces intrinsic excitability of Drd1-MSNs in the NAc core. A, Intradermal injection of C48/80 induces scratching bouts in mice (n= 13–14 mice/group, ***p, 0.0001,
U= 0, Mann–Whitney U test). B, The EPMT shows that C48/80 treatment reduces the time spent in open arms compared with saline injection (n= 13–14 mice/group, **p= 0.0069, U =
36.50, Mann–Whitney U test). C, C48/80 reduces the open arms entries on the EPM (***p, 0.0001, t(25) = 4.94, Student’s t test). D, The OFT shows that C48/80 treatment reduces the time
spent in central zone compared with saline injection (n= 13–14 mice/group, ***p= 0.0003; U= 20, Mann–Whitney U test). E, C48/80 treatment reduces the travel distance on the OFT
(***p, 0.0001, U= 15, Mann–Whitney U test). F, Representative images show the identification of Drd1-MSNs (left) and Drd2-MSNs (right) in coronal NAc slices from Drd1-tdTomato and
Drd2-eGFP mice, respectively. G, Schematic representation of the experimental schedule and recording site. H, A fluorescent-positive neuron was recorded by patch clamp pipette in fluorescent
and DIC image modes. I, Bar graph and scatter plot for rest membrane potential (RMP) in Drd1-MSNs in slices from the saline-treated and C48/80-treated mice (n= 32–39 neurons/group,
*p= 0.04 U= 446.5, Mann–Whitney U test). J, Same as I for rheobase (n= 32–39 neurons/group, *p= 0.0105, t(69) = 2.631, Student’s t test). K, Sample traces of action potentials (APs)
obtained in Drd1-MSNs in slices from saline-treated and C48/80-treated mice. L, The number of evoked action potentials in response to the increasing depolarizing current steps in Drd1-MSNs
from saline-treated and C48/80-treated mice (F(interaction 8,536) = 2.384, p= 0.0157; F(treatments 1,67) = 7.241, **p= 0.0090, two-way ANOVA with repeated measure). M, Bar graph and scatter
plot for RMP in Drd2-MSNs in slices from the saline-treated (black) and C48/80-treated (green) mice (n= 25–26 neurons/group, p= 0.6261, t(49) = 0.4903, Student’s t test). N, Same as M for
rheobase (n= 25–26 neurons/group, p= 0.2363, U= 263, Mann–Whitney U test). O, Sample traces of APs obtained in Drd2-MSNs in slices from saline-treated and C48/80-treated mice. P,
The number of evoked action potentials in response to the increasing depolarizing current steps in Drd2-MSNs from saline-treated and C48/80-treated mice (F(interaction 8,384) = 0.3561,
p= 0.9428; F(treatments 1,48) = 4575, p= 0.5020, two-way ANOVA with repeated measure).
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Chemogenetic activation of Drd1-MSNs attenuates C48/80-
induced scratching behaviors
Based on the alterations of intrinsic excitability in Drd1-MSNs
after C48/80, we asked whether the activity of Drd1-MSNs in the
NAc core is involved in C48/80-induced scratching and the
related anxiety. The AAV-expressing Cre-dependent hM3D(Gq)
DREADDs (AAV-DIO-hM3Dq-mCherry) or control AAVs
(AAV-DIO-mCherry) were injected into the bilateral NAc
core of Drd1-Cre transgenic mice (Fig. 2A). Mice were in-
traperitoneally injected with CNO or vehicle 45 min before
the behaviors testing (Fig. 2B). The expression of AAVs in
the NAc core was confirmed by mCherry fluorescence (Fig.
2C,D). The ex vivo electrophysiological recordings showed
that the excitability of Drd1-MSNs infected with AAV-DIO-
hM3Dq-mCherry was rapidly increased after CNO perfusion
(Fig. 2E). The behavioral test showed that CNO significantly
suppressed C48/80-induced scratching bouts in mice injected
with AAV-DIO-hM3Dq-mCherry (Fig. 2F). However, in mice
injected with the AAV-DIO-mCherry, CNO did not change
the scratching behavior. To test the effect of AAV-DIO-
hM3Dq-mCherry in C48/80-induced anxiety-like behavior,
the EPMT and OFT were performed. For the EPMT, there
was no significant difference in the time spent in the open
arms (Fig. 2G) and the number of entries into the open arms

(Fig. 2H) between vehicle and CNO treatment in AAV-DIO-
hM3Dq-mCherry-treated or AAV-DIO-mCherry-treated mice.
Similarly, the activation of Drd1-MSNs had no effects on the
time spent in the central zone (Fig. 2I) and travel distance (Fig.
2J) on the OFT.

Chemogenetic inhibition of Drd1-MSNs promotes a low
dose of C48/80-induced scratching behaviors
We then tested the effect of chemogenetic inhibition of Drd1-
MSNs on C48/80-induced behaviors. AAV virus expressing Cre-
dependent hM4D(Gi) DREADDs (AAV-DIO-hM4Di-mCherry)
or AAV-DIO-mCherry were bilaterally injected in the NAc core
in Drd1-Cre transgenic mice. Mice were examined for scratching
and anxiety-like behaviors after CNO (or vehicle) and C48/
80 injection (Fig. 3A,B). The virus expression in the NAc
core was confirmed by mCherry fluorescence (Fig. 3C,D).
Moreover, the excitability of Drd1-MSNs with AAV-DIO-
hM4Di-mCherry infection was markedly decreased after CNO
incubation (Fig. 3E). However, inhibition of Drd1-MSNs fir-
ing by AAV-DIO-hM4Di-mCherry and CNO did not affect
C48/80-induced scratching behaviors (Fig. 3F). We then checked
the effect of the virus on itch induced by a lower dose of C48/80
(10mg/50ml). The results showed that inhibition of Drd1-MSNs
significantly increased scratching bouts in mice who received the

Figure 2. Chemogenetic activation of Drd1-MSNs in the NAc core decreases C48/80-induced scratching behaviors. A, Schematic illustration of virus injection site in the NAc. The AAV-DIO-
hM3D(Gq)-mCherry was used for conditional activation of Drd1-MSNs in Drd1-Cre mice. B, Schematic diagram of the time line for the experiment. C, Representative brain section shows the
expression of AAV-DIO-hM3Dq-mCherry in the NAc core. aca, anterior commissure, anterior part. D, Viral spread of AAV-DIO-hM3D(Gq)-mCherry and AAV-DIO-mCherry in Drd1-cre mice. Each
mouse is represented by one translucent outline, and outlines are overlapped. E, Sample traces shows the injected currents (1100 and 1140 pA)-evoked membrane voltage responses
recorded in hM3Dq-expressing Drd1-MSNs before and after CNO (5mM) application. Notably, CNO incubating leads a relatively sustained depolarization on the RMP and increases the firing fre-
quency in hM3Dq-expressing cells. F, Chemogenetic activation of Drd1-MSNs in the NAc core decreases the scratching behaviors in mice treated with C48/80 (F(interaction 1,10) = 8.282,
p= 0.0164; F(drug 1,10) = 10.16, p= 0.0097; F(virus 1,10) = 5.298, **p= 0.041). G, The EPMT shows that chemogentic activation of Drd1-MSNs in the NAc core does not change the time spent in
open arms in mice treated with C48/80 (F(interaction 1,10) = 0.03761, p= 0.8501; F(drug 1,10) = 0.04718, p= 0.8324; F(virus 1,10) = 2.805, p= 0.1249). H, Same as G for summary of the open arms
entry (F(interaction 1,10) = 1.462, p= 0.2544; F(drug 1,10) = 0.8845, p= 0.3691; F(virus 1,10) = 0.6358, p= 0.4438). I, The OFT shows that chemogenetic activation of Drd1-MSNs in the NAc core
does not change the time spent in central zone in mice treated with C48/80 (F(interaction 1,10) = 0.3991, p= 0.5417; F(drug 1,10) = 2.062, p= 0.1816; F(virus 1,10) = 0.7666, p= 0.4018). J, Same as
I for summary of the travel distance (F(interaction 1,10) = 0.01651, p= 0.9003; F(drug 1,10) = 0.5096, p= 0.4916; F(virus 1,10) = 3.048, p= 0.1114).
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lower dose of C48/80 (Fig. 3G). Again, inhibition of Drd1-MSNs
had no effect on time spent and entries in the open arms on the
EPM or the time spent in the central zone and total travel dis-
tance on the OF after either common dose (Fig. 3H–K) or lower
dose (Fig. 3L–O) of C48/80 injection.

Excitatory synaptic input is increased in Drd1-MSNs from
C48/80-treated mice
To examine whether the change of neuronal excitability corre-
sponds to the modulation of excitatory synaptic inputs under
itch conditions, we measured the excitatory synaptic input to

Figure 3. Chemogenetic inhibition of Drd1-MSNs in the NAc core increases C48/80-induced scratching behaviors. A, Schematic illustration of virus injection site in the NAc. The
AAV-DIO-hM4Di-mCherry was used for conditional suppression of Drd1-MSNs in Drd1-Cre mice. B, Schematic diagram of the timeline for the experiment. C, Representative brain sec-
tion shows the expression of AAV-DIO-hM4Di-mCherry in the NAc core. aca, anterior commissure, anterior part. D, Viral spread of AAV-DIO-hM4D(Gi)-mCherry and AAV-DIO-mCherry
in Drd1-cre mice. E, Sample traces show the injected currents (1100 and 1140 pA)-evoked membrane voltage responses recorded in hM4Di-expressing Drd1-MSNs before and after
CNO (5 mM) application. F, Chemogenetic inhibition of Drd1-MSNs in the NAc core does not change the scratching behaviors in mice treated with C48/80 at the dose of 100 mg/50ml
(F(interaction 1,8) = 1.099, p= 0.3251; F(drug 1,8) = 0.02412, p= 0.8804; F(virus 1,8) = 0.1931, p = 0.6719). G, Chemogentic inhibition of Drd1-MSNs in the NAc core enhances the scratch-
ing behaviors in mice treated with a lower dose of C48/80 (10 mg/50ml; F(interaction 1,9) = 8.069, p= 0.0194; F(drug 1,9) = 8.331, p= 0.0180; F(virus 1,9) = 9.858, **p= 0.0119). H, The
EMPT shows that inhibition of Drd1-MSNs in the NAc core does not change the time spent in open arms in mice treated with C48/80 (100 mg; F(interaction 1,8) = 0.00156, p= 0.9695;
F(drug 1,8) = 0.00156, p= 0.09695; F(virus 1,8) = 1.003, p= 0.3459). I, Same as H for the summary of the open arms entry (F(interaction 1,8) = 0.6857; p= 0.4316, F(drug 1,8) = 0.07619,
p= 0.7895; F(virus 1,8) = 2.388, p= 0.1608). J, The OFT shows that inhibition of Drd1-MSNs in the NAc core does not change the time spent in central zone in mice treated with C48/
80 (100 mg; F(interaction 1,8) = 0.00249, p= 0.9614; F(drug 1,8) = 1.368, p= 0.2757; F(virus 1,8) = 0.01299, p= 0.9121). K, Same as J for summary of the travel distance (F(interaction 1,8) =
0.00036, p = 0.9852; F(drug 1,8) = 0.4664, p= 0.5139; F(virus 1,8) = 0.0117, p= 0.9165). L, Same as H for results obtained from mice with a lower dose of C48/80 (10 mg) treatment
(F(interaction 1,9) = 0.6834, p= 0.4298; F(drug 1,9) = 3.33, p= 0.1013; F(virus 1,9) = 4.310, p= 0.0677). M, Same as I for the open arms entry (F(interaction 1,9) = 0.9605, p= 0.3527; F(drug
1,9) = 0.4269, p= 0.5299; F(virus 1,9) = 0.04306, p= 0.8402). N, Same as J for results obtained from mice with a lower dose of C48/80 treatment (F(interaction 1,9) = 1.951, p= 0.1959;
F(drug 1,9) = 0.09541, p= 0.7644; F(virus 1,9) = 1.235, p= 0.2952). O, Same as K for the travel distance (F(interaction 1,9) = 1.191, p= 0.3035; F(drug 1,9) = 1.129, p= 0.3156; F(virus 1,9) =
0.07106, p= 0.7958).
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Drd1- and Drd2-MSNs after saline or C48/80 injection. We
first tested the I-O relationships of the glutamatergic trans-
mission established by the amplitude of EPSCs versus the
electrical stimulation intensity on Drd1- and Drd2-MSNs.
Compared with the saline-treated group, C48/80 increased the
magnitude of EPSCs that were evoked with the same intensity
in Drd1-MSNs (Fig. 4A), but not altered in Drd2-MSNs (Fig.
4B). Moreover, in Drd1-MSNs from C48/80-treated mice,
there is a significant increase in the frequency of sEPSCs, but
not in the amplitude (Fig. 4C–E). However, C48/80 did not
change the frequency or amplitude of sEPSCs in Drd2-MSNs
(Fig. 4F–H). To confirm the presynaptic modulation of glu-
tamate release onto MSNs underlying itch conditions, we
recorded electrical stimulation-evoked PPR on Drd1- and

Drd2-MSNs. Compared with the saline-treated mice, the
PPR of electrical stimulus-evoked EPSCs was substantially
decreased in Drd1-MSNs from C48/80-treated mice (Fig.
4I). In contrast, C48/80-treated mice displayed no differ-
ence from saline-treated mice in the PPR of evoked EPSCs
recorded from Drd2-MSNs (Fig. 4J). As it was reported that
some line of Drd2-EGFP mice are hyperactive (Kramer et
al., 2011), we compared the locomotion activity of Drd2-
EGFP mice with C57Bl/6 mice. It showed that the travel dis-
tance is comparable between the two groups (Drd2-EGFP
vs C57Bl/6, 15.5 6 1.4 vs 16.3 6 1.7 m, p = 0.5699, Mann–
Whitney test, n = 8–14 mice/group), which is in agreement
with previously published reports (Chan et al., 2012), indi-
cating that the data from our Drd2-EGFP mice are reliable.

Figure 4. C48/80 increases the efficacy of excitatory transmission onto Drd1-MSNs. A, Averaged traces and summary graph of electrical stimuli-evoked EPSCs for Drd1-MSNs from saline-
treated and C48/80-treated mice in response to different stimulus intensity (n= 6 neurons/group, F(interaction 4,40) = 3.523, p= 0.0148; F(treatments 1,10) = 14.66, **p= 0.0045, two-way ANOVA
with repeated measure). B, Averaged traces and summary graph of electrical stimuli-evoked EPSCs for Drd2-MSNs from saline-treated and C48/80-treated mice in response to different stimulus
intensity (n= 5–7 neurons/group, F(interaction 4,40) = 0.2464, p= 0.9102; F(treatments 1,10) = 0.01156, p= 0.9165, two-way ANOVA with repeated measure). C, Representative traces of sEPSCs
obtained in Drd1-MSNs of the NAc core from saline-treated and C48/80-treated mice. D, Cumulative probability of sEPSC event amplitude (K-S test, p= 0.284) for a representative Drd1-MSN.
Inset, Summary bar graph and scatter plot for sEPSC amplitude in the saline-treated and C48/80-treated mice (n= 12–14 neurons/group, p= 0.8995, U= 81, Mann–Whitney U test). E, Same
as D for cumulative probability of interval between sEPSC events (K-S test, p, 0.0001) and sEPSC frequency (n= 12–14 neurons/group, ***p, 0.0001, t(24) = 4.858, Student’s t test). F,
Sample traces of sEPSCs obtained in Drd2-MSNs. G, Cumulative probability of sEPSC event amplitude (K-S test, p. 0.05) for Drd2-MSNs. Inset, Summary bar graph and scatter plot for sEPSC
amplitude in the saline-treated and C48/80-treated mice (n= 10–11 neurons/group, p= 0.4936, t(19) = 0.698, Student’s t test). H, Same as G for cumulative probability of interval between
sEPSC events (K-S test, p. 0.05) and sEPSC frequency (n= 10–11 neurons/group, p =0.9273, t(19) = 0.09241, Student’s t test). I, Averaged traces and summary graph of PPR for Drd1-MSNs
from saline-treated and C48/80-treated mice at different interstimulus intervals (n= 8–9 neurons/group, F(interaction 3,45) = 3.488, p= 0.0232; F(treatments 1,15) = 14.66, **p= 0.0016, two-way
ANOVA with repeated measure). J, Averaged traces and summary graph of PPR for Drd2-MSNs from saline-treated and C48/80-treated mice at different interstimulus intervals (n= 8–9 neu-
rons/group, F(interaction 3,45) = 0.3581, p= 0.7835, F(treatments 1,15) = 0.1289, p= 0.7246, two-way ANOVA with repeated measure).
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C48/80 induces pathway-specific changes of glutamatergic
synaptic input onto Drd1-MSNs
The NAc receives glutamate synaptic input from the mPFC,
BLA, and vHipp (Friedman et al., 2002; Britt et al., 2012). To test
which pathway contributes to acute itch-induced presynaptic

alterations, we injected AAV-expressing YFP-tagged channel rho-
dopsin 2 (AAV9-CaMKIIa-ChR2-eYFP) into the mPFC, BLA, or
vHipp. Three to four weeks later, notable expression of ChR2 was
shown within these regions, and fluorescent axons were concen-
trated in NAc core (Fig. 5A). Then we validated the ChR2 function

Figure 5. C48/80 increases the projection from the mPFC to Drd1-MSNs in the NAc core. A, Representative coronal brain slices show the expression of AAV-CaMKIIa-ChR2-eYFP in the mPFC, BLA, and
vHipp and ChR2-eYFP-containing terminals in the NAc core. aca, anterior commissure, anterior part. B, Representative traces of blue LED light-induced action potentials at different frequencies in ChR2-positive
neurons in the mPFC. C, Blue light-induced EPSC recorded from Drd1-MSN at NAc core in the absence or presence of 20mM of DNQX. D, Sample traces of light-evoked EPSCs for Drd1-MSN in the NAc core
obtained from synapses within the mPFC-to-NAc, BLA-to-NAc, or vHipp-to-NAc pathways in saline-treated and C48/80-treated mice. EPSCs recorded at�70mV with 50- and 100-ms interstimulus intervals.
Blue lines show the onset of paired light stimulations. E, Mean PPR values of Drd1-MSNs obtained from synapses within the mPFC-to-NAc (n=12–14 neurons), BLA-to-NAc (n=10–13 neurons), or vHipp-
to-NAc (n=11–14 neurons) pathways at different interstimulus intervals in saline-treated and C48/80-treated mice (F(interaction 3,72) = 4.872, p=0.0041; F(treatments 1,24) = 10.16, p=0.0040; two-way
ANOVA with repeated measure). **p, 0.01; ***p, 0.001. F, Sample traces of AMPAR-EPSCs and NMDAR-EPSCs (left panel of each group) recorded at �70 and140mV on Drd1-MSNs in the NAc
core from the light stimulation of different synaptic inputs in saline-treated and C48/80-treated mice. Summary bar graph (right panel of each group) shows the AMPAR/NMDAR response ratios on Drd1-
MSNs from the different synaptic inputs in saline-treated and C48/80-treated mice (mPFC input, n=11–12 neurons; BLA input, n=10–13 neurons; vHipp input, n=11–14 neurons).
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in YFP-positive pyramidal neurons in the
mPFC and the afferents onto Drd1-MSNs in
the NAc. The light-stimulation (470 nm,
2–5 mW, with 5, 10, and 20 Hz for 1 s)
evoked stable firing in pyramidal neurons
in the mPFC (Fig. 5B). Moreover, the light-
stimulation-evoked EPSCs in Drd1-MSNs were
blocked by adding DNQX (20 mM), an antago-
nist of AMPA/kainate receptor (Fig. 5C). Then
we tested the presynaptic efficacies at afferents
from mPFC, BLA, or vHipp onto Drd1-MSN
in individual groups of animals using PPR. In
Drd1-MSNs of the NAc core from C48/80-
treated animals, the PPR of light-evoked EPSC
at mPFC afferent synapses was significantly
decreased, but no change of PPR in BLA- or
vHipp-NAc synaptic afferents (Fig. 5D,E). To
clarify whether C48/80 changes the postsynap-
tic glutamate receptor’s function at these affer-
ents onto Drd1-MSNs, we measured the light-
evoked currents mediated by AMPA and
NMDA receptors. However, there was no dif-
ference in AMPAR/NMDAR response ratios in
mPFC-, BLA-, or vHipp-NAc synapses between
saline and C48/80 injection groups (Fig. 5F).
These results suggest that C48/80 induces a pre-
synaptic adaptive change in mPFC-NAc projec-
tions onto Drd1-MSNs in the NAc core.

The intrinsic excitability of mPFC-NAc
projecting neurons is increased in C48/80-
injected mice
To test whether C48/80-induced change of
transmitter release corresponds to the activity
of the upstream region mPFC, the membrane
excitability of mPFC-NAc projecting pyramidal
neurons was assessed in mice with NAc injec-
tion of retrobeads (Fig. 6A). Seven days after
NAc injection, the retrobeads-positive pyramidal neurons were
observed in themPFC (Fig. 6B). We recorded the membrane physio-
logical properties on labeled mPFC-NAc projecting pyramidal neu-
rons in layer V of the PFC slice (Fig. 6C). C48/80 did not change the
RMP in the mPFC-NAc projecting neurons (Fig. 6D), while signifi-
cantly decreased rheobase currents (Fig. 6E). Additionally, the cur-
rent-induced neuronal firing in mPFC-NAc projecting neurons
was significantly increased in C48/80-injected mice (Fig. 6F,G).

Chemogenetic suppression of mPFC-NAc excitatory synaptic
afferents relieves C48/80-induced itch behavior
We then measured whether the changes in the activity of mPFC-
NAc excitatory synaptic input are related to itching behaviors. To
examine this, AAV virus encoding inhibitory hM4D(Gi) DREADDs
(AAV-CaMKIIa-hM4Di-mCherry) or AAV-CaMKIIa-mCherry
were bilaterally injected into the mPFC with bilateral implantation
the guided cannulas into the NAc core (Fig. 7A). Mice were exam-
ined for scratching and anxiety-like behaviors after intradermal
injection of C48/80 and intra-NAc local infusion of either vehicle or
CNO before testing (Fig. 7B). The AAV injection site in the mPFC
and the axon terminal expression in the NAc core were verified by
mCherry fluorescence (Fig. 7C,D). The behavioral results showed
that the CNO infusion into the NAc core significantly suppressed
the scratching bouts in mice expressing the AAV-CaMKIIa-

hM4Di-mCherry but not in mice expressing AAV-CaMKIIa-
mCherry after C48/80 injection (Fig. 7E). Furthermore, chemoge-
netic inhibition of mPFC-NAc core synaptic pathway had no
effect on the time spent in the open arms (Fig. 7F) and number of
entries into the open arms (Fig. 7G) on the EPM or the time spent
in central zone (Fig. 7H) and travel distance (Fig. 7I) on the OF.

Pharmacological regulation of KOR in the NAc alters C48/
80-induced scratching behaviors
Activation of KOR has been adopted to treat intractable itch
(Wikström et al., 2005; Munanairi et al., 2018). Moreover,
human functional magnetic resonance imaging showed that the
NAc mediates the antipruritic effect of KOR activation (Papoiu
et al., 2015). To examine the role of KOR in itch processing, the
bilateral guide cannulas were implanted into the NAc core. After
the surgery recovery, KOR agonist U50488 was infused into the
NAc core and the behaviors were tested (Fig. 8A,B). U50488 sig-
nificantly decreased the scratching behavior induced by C48/80
(Fig. 8C). There were no effect on the time spent (Fig. 8D) and
entries (Fig. 8E) in the open arms on the EPM, or the time spent
in the central zone (Fig. 8F) and total travel distance (Fig. 8G) on
the OF after activation of KOR. In contrast, low dose of C48/80-
induced scratching behaviors were significantly increased after
the infusion of a KOR antagonist nor-NBI into the NAc core
(Fig. 8H). On the EPM, there was no significant difference
between vehicle-treated and nor-NBI-treated mice in time spent

Figure 6. C48/80 increases the excitability of mPFC-to-NAc projection pyramidal neurons. A, Schematic diagram for
retrobeads green injection and patch-clamp recording in brain slices. B, Representative coronal brain slices show retro-
beads injection sites in the NAc core and retrobeads green-positive neurons (green) in the mPFC. aca, anterior commis-
sure, anterior part; NAcC, NAc core; NAcSh, NAc shell. C, Images show the electrophysiological recording on retrobeads-
labeled pyramidal neurons in the mPFC. Red arrows marked the retrobeads-positive neurons. D, Summary bar graph and
scatter plot for RMP of green retrobeads-positive PFC-projecting to NAc pyramidal neurons (n= 27–29 neurons,
p= 0.3098, U= 329, Mann–Whitney U test). E, Same as D for rheobase of pyramidal neurons (n= 27–29 neurons,
*p= 0.0110, U= 244, Mann–Whitney U test). F, Sample traces of membrane voltage responses recorded from green
retrobeads-positive PFC-projecting to NAc pyramidal neurons from saline-treated or C48/80-treated mice. G, Summarized
data show the number of evoked spikes in the groups as indicated in F (n= 27–29 neurons, F(interaction 8,400) = 4.816,
p, 0.0001; F(treatments 1,50) = 6.576, *p= 0.0134, two-way ANOVA with repeated measure).
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in the open arms (Fig. 8I) and the number of entries into the
open arms (Fig. 8J). Similarly, nor-NBI infusion had no effects
on the time spent in the central zone (Fig. 8K) and travel distance
(Fig. 8L) on the OF in C48/80-treated animals.

The activity of KOR regulates itch-related synaptic plasticity
in the NAc core
To further test the mechanisms underlying KOR-mediated mod-
ulation of scratching behavior induced by C48/80, we recorded
mEPSCs in the Drd1-MSNs from saline-injected and C48/80-
injected mice. We first measured the effects of U50488 on
mEPSCs of Drd1-MSNs (Fig. 9A). Perfusion of U50488 signifi-
cantly decreased the frequency of mEPSCs in Drd1-MSN
recorded from C48/80-treated animals compared with that in sa-
line-treated mice (Fig. 9B). No difference was observed on the am-
plitude of mESPCs in saline-treated and C48/80-treated mice (Fig.
9C). Moreover, inhibition of KOR with nor-NBI increased the fre-
quency of mEPSCs in Drd1-MSNs from C48/80-treated mice (Fig.
9D,E), with no alterations in the amplitude of mEPSCs (Fig. 9D,F).

Discussion
Here, we showed that C48/80 decreased the intrinsic membrane
excitability in Drd1-MSNs, and chemogenetic activation of Drd1-

MSNs attenuated C48/80-induced itch. Moreover, C48/80
increased the excitatory synaptic transmission of Drd1-MSNs
from the mPFC, also increased the intrinsic excitability of PFC-
NAc projecting pyramidal neurons. Chemogenetic inhibition of
the PFC-NAc synaptic pathway relieved C48/80-induced scratch-
ing. Furthermore, pharmacological activation of KOR in the NAc
suppressed scratching behavior and reduced the presynaptic exci-
tatory inputs to Drd1-MSNs. Our results suggest that Drd1-
MSNs and the synaptic inputs from the mPFC play an important
role in the regulation of the scratching behaviors induced by itch
stimuli, and KOR acts as a negative feedback regulator of Drd1-
MSNs at the NAc core under itch conditions.

Neural adaptation of Drd1-MSNs in the NAc core in C48/80-
elicited acute itch
As a critical part of the reward circuit, the NAc MSNs receive do-
paminergic innervation from the VTA (Stuber et al., 2011).
Meanwhile, NAc sends long-range GABAergic synaptic axonal
projections to the VTA (Watabe-Uchida et al., 2012; Yang et al.,
2018), and these inhibitory inputs play a major role in control-
ling the activity of DA neurons (Henny et al., 2012). C48/80
decreased the intrinsic excitability of Drd1-MSNs in the NAc,
which may reduce the inhibition on VTA DA neurons and
increase the release of DA to the NAc. Indeed, the activity of

Figure 7. Chemogenetic suppression of glutamatergic synaptic afferents from the mPFC to the NAc core improves C48/80-induced scratching. A, Schematic illustration of virus injection and
the guide cannula implantation. B, Schematic diagram of the time line for the experiment. C, Representative brain section shows the expression of hM4Di-mCherry in the PFC and hM4Di-
mCherry-containing terminals in the NAc core. aca, anterior commissure, anterior part. D, Viral spread of AAV-CamKIIa-hM4D1-mCherry and AAV-CaMKIIa-mCherry in C57Bl/6 mice. E,
Summary bar graph shows that local microinjections of CNO (1 mM) into the NAc core reduces scratching behaviors evoked by C48/80 (n= 10–11 mice, F(interaction 1,19) = 36.98, p, 0.0001;
F(drug 1,19) = 43.78, p, 0.001; F(virus 1,19) = 25.08, ***p, 0.001). F, The EPMT shows that inhibition of PFC glutamatergic terminals in the NAc does not change the time spent in open arms
in mice treated with C48/80 (F(interaction 1,19) = 2.629, p= 0.1214; F(drug 1,19) = 1.576, p= 0.2246; F(virus 1,19) = 0.08392, p= 0.7752). G, Same as F for summary of the open arms entries
(F(interaction 1,19) = 2.789, p= 0.1113; F(drug 1,19) = 1.513, p= 0.2337; F(virus 1,19) = 0.5778, p= 0.4565). H, The OFT shows that inhibition of PFC glutamatergic terminals in the NAc does not
change the time spent in central zone in mice treated with C48/80 (F(interaction 1,19) = 4342, p= 0.5178; F(drug 1,19) = 0.08039, p= 0.7798; F(virus 1,19) = 2.023, p= 0.1712). I, Same as H for
summary of the travel distance on the OF (F(interaction 1,19) = 0.2559, p= 0.6187; F(drug 1,19) = 3.341, p= 0.0833).
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VTA DA neurons was increased during scratching behavior
(Yuan et al., 2018; Su et al., 2019), and repeated activation of do-
pamine receptors on NAc neurons caused a reduction of mem-
brane excitability (O’Donnell and Grace, 1996). Meanwhile,
Drd1-MSNs suppress the tonic activity of VTA GABA neurons
(Bocklisch et al., 2013), and the decreased intrinsic excitability of
Drd1-MSNs may also contribute to the increased activity of GABA
neurons under acute itch conditions, which mediates itch-related
aversion (Su et al., 2019). Our data also showed that the RMP was
hyperpolarized in Drd1-MSNs, which may also contribute to the
decreased neuronal excitability after itch stimuli. However, the
intrinsic excitability of Drd2-MSNs was not changed after C48/80
injection, indicating a different role of these two subtypes in media-
ting itch.

The Drd1-MSNs play a crucial role in regulating the desire
and motivation in reward-related behaviors (Calipari et al.,
2016). Moreover, activation of NAc Drd1-MSNs results in resil-
ient behavioral outcomes, while inhibition of these MSNs indu-
ces depression-like outcomes after chronic social defeat stress
(CSDC; Francis et al., 2015). Chemogenetic activation of Drd1-
MSNs decreased the scratching behaviors, which may be because
of the increased GABAergic inhibition on dopaminergic neurons
in the VTA (Yang et al., 2018). Meanwhile, chemogenetic inhibi-
tion of Drd1-MSNs enhanced scratching bouts in the low dose of
C48/80 exposure but did not in the normal dose of C48/80 injec-
tion, which may attribute to the relative ceiling effect of C48/80

on scratching production (Kuraishi et al., 1995). However, che-
mogenetic regulation of the activity of NAc Drd1-MSNs had no
effect on itch-elicited anxiety-like behaviors, suggesting that the
motivation to scratch may be separated from the anxiety-like
behaviors.

NAc MSNs are a special type of GABAergic inhibitory neu-
rons without spontaneous action potentials discharge, causing its
activity depend on synaptic afferents. Itch stimuli increased the
frequency but not the amplitude of sEPSCs in Drd1-MSNs, sug-
gesting a presynaptic change in Drd1-MSNs, which was con-
firmed by measuring the electrical stimuli-evoked EPSC PPR,
further suggesting that the adaption of presynaptic mechanism
may increase the I-O relationship of EPSCs in Drd1-MSNs under
itch conditions. The itch-elicited scratching behavior is highly
associated with an increase in NAc DA level (Yuan et al., 2018),
and DA or Drd1 agonist increased sEPSC frequency in Drd1-
MSNs, while Drd2 agonist decreased sEPSCs frequency in Drd2-
MSNs (André et al., 2010). Meanwhile, the excitatory transmis-
sion was decreased in NAc Drd2-MSNs in inflammatory pain
model (Schwartz et al., 2014). Notably, the increased presynaptic
transmission is associated with the decreased membrane excitabil-
ity of Drd1-MSNs after C48/80 injection, suggesting a synapse-
membrane homeostatic regulation under acute itch conditions.
An increase in the excitatory synaptic strength causes a homeo-
static decrease in the intrinsic membrane excitability of NAc
MSNs, which tends to stabilize the functional output of neuron

Figure 8. Regulation of KOR in the NAc alters C48/80-induced scratching behaviors. A, Experimental configuration shows guide cannula implantation in the NAc core. B, Schematic diagram
of the timeline for the experiment. C, Bilateral intra-NAc core infusion of KOR agonist U50488 (0.26mg/0.3ml per side) significantly attenuates C48/80-induced scratching behaviors (n= 9
mice for each group, t(16) = 3.749, **p= 0.0018). D, NAc administration of U50488 does not affect the time spent in open arms in mice with treated with C48/80 (U= 30.50, p= 0.3980). E,
Same as D for the open arms entry (U= 35.50, p= 0.6853). F, U50488 does not affect the time spent in central zone in mice with treated with C48/80 (U= 31.50, p= 0.4489). G, Same as F
for the travel distance (U= 28, p= 0.2973). H, Intra-NAc core preinfusion of KOR antagonist nor-NBI (0.25mg/0.3ml per side) increases the low-dose (10mg/50ml) of C48/80-induced scratch-
ing behaviors (n= 12–13 mice for each group, t(23) = 2.429, *p= 0.0234). I, nor-NBI did not affect the time spent in open arms in mice treated with C48/80 (10mg; t(23) = 0.03014,
p= 0.9762). J, Same as I for the open arms entry (U= 57, p= 0.2611). K, nor-NBI did not affect the time spent in central zone in mice treated with C48/80 (U= 65, p= 0.4936). L, Same as
K for the travel distance (U= 51, p= 0.1519).
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(Ishikawa et al., 2009; J. Wang et al., 2018). It was reported that
the upregulation of glutamate receptor NR2B leads to a decrease
in the membrane excitability of NAc MSNs after short-term co-
caine withdrawal (J. Wang et al., 2018). The molecular mechanism
underlying the decrease of the membrane excitability of Drd1-
MSNs after C48/80 needs further investigation.

mPFC-NAc projections are adaptively changed and
implicated in itch-related scratching
Glutamatergic synaptic afferents from multiple limbic and
paralimbic regions to the NAc MSNs contribute to the regula-
tion of motivation and anxiety (Stuber et al., 2011; Calhoon
and Tye, 2015; X.Y. Zhang et al., 2020). C48/80 did not change

the AMPAR/NMDAR current ratio from mPFC, vHipp, and
BLA, suggesting that the postsynaptic mechanism is not involved in
acute itch. Similarly, cocaine exposure selectively increases the pre-
synaptic release probability of the PFC-NAc synapses but does not
change the BLA-NAc synapses (Suska et al., 2013). Differently,
nerve injury-induced or inflammation-induced chronic pain causes
long-term changes in postsynaptic AMPAR and NMDARs, and a
decrease in the related motivation (Ren et al., 2016).

Some cortex regions including mPFC, ACC, and insular cor-
tex are activated under itch conditions (Dhand and Aminoff,
2014; Chen and Sun, 2020). C48/80 increased the intrinsic excit-
ability of PFC-NAc projecting pyramidal neurons, which corre-
sponds to the increase of glutamate release at the presynaptic
terminals of these projection neurons in the NAc since the fre-
quency of the action potential is closely related to glutamate
transmitter release (Kaczmarek and Zhang, 2017). In agreement
with the current study, c-fos expression was increased in the
mPFC and ACC regions but not in BLA in mice with histamine-
induced acute itch (Lu et al., 2018). Chemogenetic inhibition of
PFC reduced both histaminergic and nonhistaminergic itch-
induced scratching (Li et al., 2021). Here, selective inhibition of
the mPFC-NAc projection reduced C48/80-induced scratching
behaviors. However, it seems contradictory to the increased
scratching after the inhibition of Drd1-MSNs, which may be
because of the complicated local circuitry in the NAc. Drd1-
MSNs receive not only excitatory inputs from pPFC, vHipp, and
BLA and DAergic input from VTA, but also inhibitory inputs
from local GABAergic Drd2-MSNs, cholinergic and fast-spiking
GABAergic interneurons (Stuber et al., 2012). The inhibition of
mPFC-NAc projection or activation of KOR may lead to the
changes of other pathways and indirectly regulate the excitability
of Drd1-MSNs.

Optogenetic regulation of mPFC or mPFC-NAc axonal ter-
minals changes pain-related negative emotions (Lee et al.,
2015; Martinez et al., 2017; Zhou et al., 2018). However, inhi-
bition of the mPFC-NAc pathway did not change itch-related
anxiety behaviors. It was reported that selective stimulation of the
mPFC-NAc pathway did not change anxiety-like behavior on
OFT, but inhibition of the vHipp-NAc pathway improves the
depressive emotion in the CSDS model (Bagot et al., 2015),
supporting that pathway-specific regulation of excitatory
afferent onto the NAc displays disparate behavioral and phys-
iological responses (Stuber et al., 2012). The neural circuits for
coding the anxiety-like behaviors in itch require additional
experiments.

KOR activation regulates acute itch via a presynaptic
mechanism in the NAc core
Human studies showed that injection with butorphanol, a pro-
nounced KOR affinity agonist, suppresses histamine-evoked itch
via the activation of NAc and septal nuclei (Papoiu et al.,
2015). Systemic activation of KOR prevents the scratching
behaviors induced by chloroquine in male mice (Brust et al.,
2016). Consistently, we found that activation of KOR in the
NAc core attenuated C48/80-elicited scratching. KOR is
expressed on presynaptic terminals of glutamate, dopamine,
and serotonin inputs to the NAc (Karkhanis et al., 2016;
Rose et al., 2016; Fontaine et al., 2022). Dynorphin is known
to be the endogenous ligand of KOR, which is predominantly
expressed in Drd1-MSNs in the NAc. The decrease of excit-
ability of Drd1-MSNs after C48/80 may cause a reduction of
dynorphin release. The activation of KORs inhibited excitatory
synaptic transmission on Drd1-MSNs in itch animals, which may

Figure 9. KOR activity changes the frequency of mEPSCs in Drd1-MSNs after C48/80 treat-
ment. A, Sample traces of mEPSCs recorded in Drd1-MSNs at NAc core from saline-treated
and C48/80-treated mice before and during application of U50488 (1 mM). B, Summary of
the effects of U50488 on the frequency of mEPSCs recorded from saline and C48/80 treated
mice (n= 7–12 neurons, t(17) = 2.943, **p= 0.0091). C, Summary of the effects of U50488
on the amplitude of mEPSCs (t(17) = 0.1314, p= 0.8970). D, Same as A for mEPSCs obtained
in the absence or presence of nor-NBI (0.1mM) from saline-treated and C48/80-treated mice.
E, Summary of the effects of nor-NBI on the frequency of mEPSCs recorded from saline-
treated and C48/80-treated mice (n= 9–11 neurons, U= 14, **p= 0.0057). F, Summary of
the effects of nor-NBI on the amplitude of mEPSC (t(18) = 0.3375, p= 0.7396).
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be because of negative feedback inhibition of KOR on the exci-
tatory synaptic inputs from the mPFC (Hjelmstad and Fields,
2001). Glutamatergic afferents into Drd1-MSNs but not into
Drd2-MSNs are more sensitive to KOR inhibition, and KOR
inhibits BLA-NAc excitatory synaptic transmission in Drd1-
MSNs (Tejeda et al., 2017). Moreover, activation of KOR in the
caudal NAc shell or rostral NAc shell increased or decreased anx-
iety-like behaviors, respectively (Pirino et al., 2020). We found
that C48/80-induced anxiety-like behaviors were not changed by
KOR ligand in the NAc core, indicating that KOR modulates
itch-related behaviors potentially via a cell-type and neural cir-
cuit-specific manner.

In summary, our study elucidated the role of NAc MSN sub-
types and their glutamatergic excitatory afferents in itch-related
behaviors. These results demonstrated that the synaptic connec-
tions from mPFC to NAc core shaped the itch stimuli-elicited
scratching behavior. In addition, NAc KOR acts as a negative
feedback regulator to drive itch-elicited scratching. Thus, specific
regulation of the projection from mPFC to Drd1-MSNs or regu-
lation of KOR in NAc core may provide effective strategies for
the treatment of itch. It is worth noting that the current study
was performed in male mice, whether the mechanisms work in
female mice need further investigation.
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