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Abstract 24 

Itch is an uncomfortable and complex sensation that elicits the desire to scratch. The nucleus accumbens 25 

(NAc) activity is important in driving sensation, motivation, and emotion. Excitatory afferents from the 26 

medial prefrontal cortex (mPFC), amygdala, and hippocampus are crucial in tuning the activity of 27 

dopamine receptor D1- and D2-expressing medium spiny neurons (Drd1- and Drd2-MSNs) in the NAc. 28 

However, a cell-type and neural circuity-based mechanism of the NAc underlying acute itch remains 29 

unclear. We found that acute itch induced by compound 48/80 (C48/80) decreased the intrinsic membrane 30 

excitability in Drd1-MSNs, but not in Drd2-MSNs in the NAc core of male mice. Chemogenetic 31 

activation of Drd1-MSNs alleviated C48/80-induced scratching behaviors, but not itch-related anxiety-32 

like behaviors. In addition, C48/80 enhanced the frequency of spontaneous excitatory postsynaptic 33 

currents (sEPSCs) and reduced the paired-pulse ratio of electrical stimulation-evoked EPSCs in Drd1-34 

MSNs. Furthermore,  C48/80 increased excitatory synaptic afferents to Drd1-MSNs from the mPFC, not 35 

from the basolateral amygdala or ventral hippocampus. Consistently, the intrinsic excitability of mPFC-36 

NAc projecting pyramidal neurons was increased after C48/80 treatment. Chemogenetic inhibition of 37 

mPFC-NAc excitatory synaptic afferents relieved the scratching behaviors. Moreover, pharmacological 38 

activation of kappa opioid receptor (KOR) in the NAc core suppressed C48/80-induced scratching 39 

behaviors, and the modulation of KOR activity in the NAc resulted in the changes of presynaptic 40 

excitatory inputs to Drd1-MSNs in C48/80-treated mice. Together, these results reveal the neural 41 

plasticity in synapses of NAc Drd1-MSNs from the mPFC underlying acute itch and indicate the 42 

modulatory role of the KOR in itch-related scratching behaviors. 43 

 44 

Key words: medial prefrontal cortex; dopamine D1 receptor; medium spiny neurons; nucleus accumbens; 45 

kappa opioid receptor; itch 46 
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Significance Statement 50 

Itch stimuli cause strongly scratching desire and anxiety in patients. However, the related neural 51 

mechanisms remain largely unclear. In the present study, we demonstrated that the pruritogen compound 52 

48/80 (C48/80) shapes the excitability of dopamine receptor D1-expressing medium spiny neurons (Drd1-53 

MSNs) in the NAc core and the glutamatergic synaptic afferents from medial prefrontal cortex (mPFC) to 54 

these neurons. Chemogenetic activation of Drd1-MSNs or inhibition of mPFC-NAc excitatory synaptic 55 

afferents relieves the scratching behaviors. In addition, pharmacological activation of kappa opioid 56 

receptor (KOR) in the NAc core alleviates C48/80-induced itch. Thus, targeting mPFC-NAc Drd1-MSNs 57 

or KOR may provide effective treatments for itch.  58 
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Introduction  76 

Itch is a complex and uncomfortable sensation that strongly provokes the desire to scratch. Repeated, 77 

excessive scratches cause severe damage to the skin tissue and diminish the quality of life in patients with 78 

chronic itch (Murota et al., 2010; Zachariae et al., 2012; Lavery et al., 2016). Human imaging studies 79 

showed that scratching is related to the activity of the reward system, including the prefrontal cortex, 80 

orbitofrontal cortex, midbrain, and caudate nucleus (Papoiu et al., 2013; Mochizuki et al., 2014; 81 

Mochizuki et al., 2015). However, itching also triggers negative emotions like anxiety and depression 82 

(Bartels et al., 2016; Sanders and Akiyama, 2018). Recent studies have identified that neuronal 83 

populations in the amygdala are involved in itch-related sensation and negative emotions (Sanders et al., 84 

2019; Samineni et al., 2021). Additionally, the ventral tegmental area (VTA) dopaminergic neurons 85 

process the itch-related scratching behavior, while GABAergic neurons are implicated in the itch-induced 86 

aversion (Su et al., 2019).  87 

The nucleus accumbens (NAc) is a critical brain region of mesolimbic dopamine circuitry and 88 

roughly divided into the core and shell subregions (Zahm and Brog, 1992). The two subregions have 89 

distinct anatomical structures and encode relatively different behaviors, but share similar local circuitry 90 

(Floresco, 2015). NAc primarily receives excitatory afferents from the medial prefrontal cortex (mPFC), 91 

basolateral amygdala (BLA), ventral hippocampus (vHipp), and thalamus that are involved in 92 

motivation/desire-related behaviors (Suska et al., 2013; LeGates et al., 2018; Wang et al., 2020; Chisholm 93 

et al., 2021). A recent study provide evidence that itch stimuli dynamically regulate dopamine level in the 94 

NAc shell region, which is involved in itch-related scratching (Yuan et al., 2018; Yuan et al., 2019). In 95 

addition, the anterior cingulate cortex and amygdala are activated by itch stimuli (Lu et al., 2018; Sanders 96 

et al., 2019; Zhang et al., 2022). These results support the circuitry containing such brain regions may 97 

contribute to the itch-related activities. Excitatory synaptic afferents integrate in the NAc medium-sized 98 

spiny neurons (MSNs), which are transcriptionally segregated into dopamine D1 receptor-expressing 99 

MSNs (Drd1-MSNs) and D2 receptor-expressing MSNs (Drd2-MSNs) (Kreitzer, 2009). Previous studies 100 

demonstrated that different activities of Drd1- and Drd2-MSNs might code distinct emotional behavior 101 
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responses (Soares-Cunha et al., 2016). However, the neural circuits and functional roles of the NAc MSN 102 

subtypes underlying itch-related scratching and affective components remain unknown. 103 

In the NAc, the kappa opioid receptor (KOR) is densely expressed on the presynaptic terminals of 104 

dopaminergic and glutamatergic inputs and regulates the release of dopamine and glutamate (Hjelmstad 105 

and Fields, 2001; Karkhanis et al., 2016). Activation of KOR in the NAc modulates the response to 106 

reward (Chartoff et al., 2016) and aversive stimuli, including pain-induced negative affect (Massaly et al., 107 

2019). Pharmacological studies have shown that KOR agonists are promising therapeutic candidates for 108 

intractable itch by their antipruritic effects in both animals and humans (Phan et al., 2012).  However, the 109 

underlying mechanisms of  the antipruritic effects for KOR activation remain elusive. In this study, we 110 

investigated the role of MSN subtypes in the NAc core and their excitatory afferent circuits in itch-related 111 

behaviors and provided the cellular evidence for KOR modulation on synaptic adaptation in itch signal 112 

processing.  113 

 114 

Materials and Methods 115 

Animals. All animal procedures performed in this study were reviewed and approved by the Animal Care 116 

and Use Committee of Nantong University (Jiangsu, China). Male mice (8 -12 weeks) were maintained 117 

on a 12/12 hour of light/dark cycle (lights on at 6:30 A.M.) at room temperature of 22 ± 3°C with free 118 

access to food and water. All mice were acclimated to the animal facility for 5-7 days prior to the 119 

initiation of experimental procedures. Drd1a-tdTomato (6Calak/J, catalog #016204, The Jackson 120 

Laboratory), Drd2-EGFP [B6.FVB(Cg)-Tg(Drd2-EGFP)S118Gsat/KreMmucd, catalog #036931-UCD, 121 

MMRRC], and Drd1a-Cre (Tg(Drd1-cre)EY217Gsat/Mmcd, catalog #030778-UCD, MMRRC) BAC 122 

transgenic mice on a C57BL/6J background were used in this study.  123 

 124 

Drugs. U50488 was purchased from Tocris Bioscience. Compound 48/80 (C48/80), picrotoxin, clozapine 125 

N-oxide (CNO), norbinaltorphimine (nor-BNI), and the other chemicals were purchased from Sigma-126 

Aldrich. 127 
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 128 

Brain cannula implantation and drug injection. The animals were anesthetized with isoflurane. Guided 129 

cannulas (26 G, RWD Life Science, China) were implanted above the bilateral NAc (AP: + 1.5 mm; 130 

lateral: ± 0.8 mm; depth: - 4.0 mm from the skull). An injection needle (32 G, Hamilton, United States) 131 

was inserted through the guide cannula, and drug solution or vehicle (0.3 μl/site) was slowly injected over 132 

5 min. Locations of the cannula placement were confirmed at the time of tissue harvest.  133 

 134 

Stereotaxic Surgery. For optogenetic manipulation, the mice were anesthetized with isoflurane and 135 

immobilized with a stereotaxic frame (RWD Life science, China). After a craniotomy was performed, 136 

each mouse received a bilateral injection of pAAV9-CamKIIα-ChR2 (H134R)-eYFP (AAV-CaMKII-137 

ChR2-eYFP, viral titer 5.2×1012 v.g./ml; packaged by Shanghai OBiO Technology) into the mPFC 138 

(stereotaxic coordinates from Bregma: A/P: + 1.6 mm, M/L: ± 0.4 mm, D/V: - 2.5 mm), BLA (A/P: -1.3 139 

mm, M/L: ± 2.8 mm, D/V: - 4.8 mm), or vHipp (A/P: - 3.1 mm, M/L: ± 2.9 mm, D/V: - 4.5 mm). A total 140 

of 0.4-0.6 μl (two sites) of virus solution was infused at a rate of 0.05 μl/min by a syringe pump. The 141 

amount of the injection volume is 0.6 μl (0.3 μl/site) into mPFC, 0.4 μl (0.2 μl/site) into BLA, and 0.6 μl 142 

(0.3 μl/site) into vHipp. For chemogenetic manipulation, AAV5-Ef1α-DIO-hM3D(Gq)-mCherry (AAV-143 

DIO-hM3Dq-mCherry), AAV5-Ef1α-DIO-hM4D(Gi)-mCherry (AAV-DIO-hM4Di-mCherry), or AAV5-144 

Ef1α-DIO-mCherry (AAV-DIO-mCherry) were bilaterally injected into the NAc core. For chemogenetic 145 

inhibition of PFC-NAc synaptic projections, AAV5-CaMKIIα-hM4D(Gi)-mCherry (AAV-CaMKII-146 

hM4Di-mCherry) or AAV5-CaMKIIα-mCherry (AAV-CaMKIIα-mCherry) were bilaterally injected into 147 

the mPFC (places are same as above), and then the cannulas were implanted into the NAc. After injection, 148 

the syringe was left in place for 8-10 min. To identify PFC-NAc projection pyramidal neurons, 0.1 μl/site 149 

retrobeads green was bilaterally injected into the NAc core (AP: + 1.5 mm; lateral: ± 0.8 mm; depth: - 4.2 150 

mm from the skull).  151 

 152 
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Neck model of acute itch. All mice were shaved on the back of neck and then were habituated to the 153 

experimenters by handling for 3 days before experiments. For the scratching behavior test, mice were 154 

individually placed into small plastic chambers (15 × 15 × 15 cm) on an elevated metal mesh floor and 155 

habituated for at least 30 min. After mild anesthesia with isoflurane, mice were injected intradermally 156 

with  Compound 48/80 (C48/80, 100 μg/50 μl; Sigma-Aldrich) or saline into the rostral back skin. 157 

Immediately after the injection, the itch-related scratching behavior was recorded with a video camera for 158 

30 min and the bouts of scratching were assessed. One bout of scratching was counted as a mouse lifting 159 

of either hindpaw to scratch the injection site of the shaved skin and then returning it back to the floor or 160 

licking/biting of the toes (Jing et al., 2018; Wu et al., 2021).  161 

 162 

Elevated plus-maze test. The elevated plus-maze (EPM) test (EPMT) apparatus consisted of four arms (30 163 

cm long and 5 cm wide) and was elevated 32 cm from the floor. All mice were acclimated to the testing 164 

room 45 min before the initiation of the experiment. After intradermal injection of C48/80 or saline, each 165 

mouse was placed back in the home cage for 30 min. After that, each mouse was placed at the center 166 

square of the maze, facing the open arm, and allowed to explore the maze for 5 min. The entry into an 167 

arm was counted by the presence of all four paws on the floor of that arm. The total time spent in the open 168 

arms and the number of entries to these arms were used in the assessment of anxiety-like behavior. The 169 

animal behavior parameters were analyzed with a video tracking and analysis system (ANY-maze 170 

software, Stoelting, IL, USA). To eliminate the possible bias, all the arms were equally illuminated and 171 

thoroughly cleaned with 75% ethanol after each trial. 172 

 173 

Open-field test. The open-field (OF) test (OFT) apparatus is composed of a white PVC box (60  60 cm, 174 

50 cm height). The floor was subdivided into 16 equal parts. The central zone was defined by the four 175 

squares in the middle field. Same as in the EPM test, each mouse was acclimated to the testing room 45 176 

min before the initiation of the experiment. After intradermal injection of C48/80 or saline, each mouse 177 
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was placed back in the home cage for 30 min. Then the mouse was put in the middle of the field and was 178 

tested individually within a 5 min session. The behavioral data were analyzed by the ANY-maze system 179 

(Stoelting Co., IL, USA). The time spent in the central zone and the total travel distance was counted. The 180 

inner sides of the apparatus were carefully cleaned with 75% ethanol after each trial. 181 

 182 

Brain slices preparation and patch-clamp recording. Brain slice preparation and whole-cell recordings 183 

were conducted the same as our published protocol (Wu et al., 2018). Briefly, 30 min after saline or 184 

C48/80 intradermal injection, the mice were anesthetized with isoflurane and decapitated. The brains 185 

were quickly removed and immediately immersed into the ice-cold artificial cerebrospinal fluid (aCSF). 186 

Sucrose-rich aCSF contains 235 mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 1 mM CaCl2, 2.5 mM 187 

MgCl2, 25 mM NaHCO3, and 10 mM glucose, oxygenated with 95% O2 plus 5% CO2. Coronal brain 188 

slices (250 μm) containing the NAc core or PFC region were cut with a vibratome (Series 1000; Leica, 189 

Germany). Slices were incubated with oxygenated (95% O2 + 5% CO2) normal aCSF containing 125 mM 190 

NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2.4 mM CaCl2, 1.2 mM MgCl2, 26 mM NaHCO3, and 10 mM 191 

glucose for 30 min at 34 °C and subsequently stored in room temperature at least 1 h before 192 

electrophysiological recording.  193 

Slices were placed in a recording chamber and were continuously perfused with oxygenated normal 194 

aCSF. Cells were visualized by an infrared-differential interference contrast (IR-DIC) and fluorescent 195 

microscope (BX51WIF, Olympus, Tokyo, Japan) equipped with a digital sCMOS camera (optiMOS, 196 

QImaging, United States). Whole-cell patch-clamp recordings of NAc core neurons were conducted using 197 

a patch-clamp amplifier (Multiclamp 700B; Molecular Devices, Burlingame, United States). Data 198 

acquisition was performed by using a digitizer (DigiData 1400A; Molecular Devices, United States) and 199 

analyzed with Clampfit 10.4 software (Molecular Devices, Sunnyvale, USA), respectively. Cells located 200 

in the ventral-medial sub-region of the NAc core MSNs with tdTomato (Drd1+) or eGFP (Drd2+) were 201 

identified by their fluorescence. A typical MSN was further confirmed by its small morphology (somatic 202 

diameters, < 20 μm) and hyperpolarized resting membrane potential (hyperpolarize than -75 mV). For 203 
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PFC-NAc projection pyramidal neurons recording, retrobeads positive cells in the PFC region were 204 

identified by their green fluorescence. The patch pipette resistance was 4-8 MΩ when filled with pipette 205 

solution, and seal resistances were > 1 GΩ. Data were digitized at 10 kHz and low-pass filtered at 2 kHz.  206 

The intrinsic membrane excitability recordings were performed with a pipette solution containing 207 

120 mM K-gluconate, 20 mM KCl, 0.3 mM GTP-Tris, 4 mM Na2ATP, 10 mM HEPES, 0.2 mM EGTA, 2 208 

mM MgCl2, pH 7.2-7.4, which adjusted with KOH. After establishing a well whole-cell configuration, 209 

recordings were done in the current-clamp model at room temperature (23 ±  1oC). All neuronal 210 

excitability measurements were performed at the resting membrane potential (RMP). Only the RMP 211 

“stable” (oscillating < 3 mV within 5 min) neurons were adopted for the following recordings. A series of 212 

step currents (-200 to +200 pA, with a 20-pA increment, pulse duration, 1 sec, and inter-pulse interval, 15 213 

s) were run (at least three runs) to measure the membrane properties. For a recorded neuron, the number 214 

of evoked action potentials with a variation > 20 % (run-down or run-up) were excluded from further data 215 

analysis.  216 

To measure the EPSCs, electrodes were filled with a cesium-based internal pipette solution 217 

containing 120 mM cesium methanesulfonate, 2 mM NaCl, 20 mM HEPES, 5 mM tetraethylammonium-218 

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 219 

adjusted with CsOH. The spontaneous and evoked EPSCs were recorded at -70 mV in a voltage-clamp 220 

model. Spontaneous EPSCs (sEPSCs) were obtained at least 10 min for each recorded cell and GABAA 221 

receptor antagonist picrotoxin (PTX, 100 μM) was present in the aCSF. For sEPSCs analysis, a template 222 

was conducted by averaging 80∼100 hand-picked spontaneous events with pClamp10.4 software. To 223 

measure the role of the kappa receptor in excitatory synaptic transmission at the NAc core, miniature 224 

EPSCs (mEPSCs) were obtained in the presence of 100 μM PTX and 1 μM TTX. The selective KOR 225 

agonist U50488 (1 μM) or selective KOR antagonist nor-BNI (0.1 μM) was added to the aCSF after the 226 

basal recording (Mu et al., 2011; Kallupi et al., 2013).  Electrical stimulations (produced by Master 8; 227 

AMPI Technologies) at 0.1 Hz (pulse of 100 μs duration) by a concentric bipolar electrode (FHC, 228 
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Bowdoinham, ME) were used to evoke EPSCs in some experiments. The stimulating electrode was 229 

placed 150-200 μm rostral to the recording electrode. The intensity inducing the 60% of the maximum 230 

amplitude of EPSC was adopted as the test stimulation, except for the experiment for conducting the 231 

input-output (I-O) relationship of EPSCs. For each cell at each stimulus intensity tested, ∼20 consecutive 232 

EPSCs were recorded and the peak amplitudes were averaged. A series of inter-pulses interval times (25 233 

ms, 50 ms, 100 ms, and 200 ms) was adopted in the paired-pulse ratio (PPR) test.  234 

To stimulate specific synaptic inputs into NAc slices, a LED illumination (LAMBDA HPX-5, Sutter 235 

Instrument, United States) coupled with a band pass excitation filter (470/40 nm) was used in the 236 

experiment. Optical stimulation pulse (2 ms, 2∼5 mW) was chosen for each cell recording. The GABAA 237 

receptor antagonist PTX (100 μM) was present in the aCSF throughout the experiment. The inter-pulses 238 

interval time containing 50 ms, 100 ms, 200 ms, and 10 s was used in light stimulation evoked PPR test. 239 

The AMPAR/NMDAR ratio was calculated by EPSCs (∼20 consecutive traces) recorded at -70 mV and 240 

then holding the cell to +40 mV and collecting another EPSCs (∼20 consecutive traces). The averaged 241 

EPSCs peak at -70 mV was measured as the AMPAR-mediated EPSC. The NMDAR-mediated EPSCs 242 

were calculated by measuring the value of the averaged EPSCs (held at + 40 mV) after 50 to 55 ms of 243 

light stimulation.   244 

 245 

Histology and imaging. Animals were deeply anesthetized with isoflurane and perfused intracardially 246 

with cold PBS followed by 4% paraformaldehyde (PFA). Brains were removed and post-fixed in 4% PFA 247 

for 6-8 h at 4oC, and then transferred to PBS. Slices were coronal cut in a cryostat at 30 μm or in a 248 

vibratome at 100 μm (Leica VT-1000, Figure 6B). Then slices were washed and mounted. Images were 249 

captured using a Nikon fluorescence microscope (Nikon Ni-E) with a 10×  objective or confocal 250 

microscope (Leica SP8). 251 

 252 
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Experimental Design and Statistical Analysis. All sample sizes and experimental design were based on 253 

previously published data from our lab and similar experiments in the field. All results were presented as 254 

the mean ± SEM. Data normality were assessed by the Kolmogorov-Smirnov test. Unpaired student’s t-255 

test was used when data sets passed the normality test. The Mann-Whitney non-parametric test was used 256 

for data sets not passing a normal distribution. The number of spikes and the behavioral effect of 257 

chemogenetic regulation were analyzed using a two-way repeated measure ANOVA or mixed-effects 258 

model. Data were analyzed and graphed using Prism 8.0 software (GraphPad, La Jolla, CA, United 259 

States). The criterion for statistical significance was P < 0.05.  260 

 261 

Results 262 

Intradermal injection of C48/80 decreases the intrinsic excitability of Drd1-MSNs in the NAc core  263 

Intradermal injection of C48/80 is a well-validated histamine-dependent itch model. As previously 264 

reported (Sanders et al., 2019), injection of C48/80 caused robust scratching behaviors (Fig. 1A). In 265 

addition, C48/80-treated mice show less time spent in the open arms and less number of entries into the 266 

open arms on the EPM (Fig. 1B and C). The time spent in the central zone and travel distance on the OF 267 

were decreased in mice treated with C48/80 (Fig. 1D and E), indicating that C48/80 induces anxiety-like 268 

behaviors. We then tested whether C48/80 affects the membrane excitability of Drd1-MSNs and Drd2-269 

MSNs in the NAc core of Drd1-tdTomato and Drd2-EGFP transgenic mice using patch-clamp recordings 270 

in brain slices (Fig. 1F-H). The C48/80 injection resulted in a significantly hyperpolarized RMP in Drd1-271 

MSNs (Fig. 1I) and an increased rheobase current (the minimal current necessary to elicit firing) (Fig. 1J). 272 

The number of the evoked action potentials recorded from Drd1-MSNs was decreased in C48/80-treated 273 

mice (Fig. 1K and L). In contrast, the RMP, rheobase current, and evoked action potentials in Drd2-274 

MSNs were comparable between saline and C48/80 groups (Fig. 1M-P). 275 

 276 

Chemogenetic activation of Drd1-MSNs attenuates C48/80-induced scratching behaviors  277 
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Based on the alterations of intrinsic excitability in Drd1-MSNs after C48/80, we asked whether the 278 

activity of Drd1-MSNs in the NAc core is involved in C48/80-induced scratching and the related anxiety. 279 

The AAV expressing Cre-dependent hM3D(Gq) DREADDs (AAV-DIO-hM3Dq-mCherry) or control 280 

AAVs (AAV-DIO-mCherry) were injected into the bilateral NAc core of Drd1-Cre transgenic mice (Fig. 281 

2A). Mice were intraperitoneally injected with CNO or vehicle 45 min before the behaviors testing (Fig. 282 

2B). The expression of AAVs in the NAc core was confirmed by mCherry fluorescence (Fig. 2C, D). The 283 

ex vivo electrophysiological recordings showed that the excitability of Drd1-MSNs infected with AAV-284 

DIO-hM3Dq-mCherry was rapidly increased after CNO perfusion (Fig. 2E). The behavioral test showed 285 

that CNO significantly suppressed C48/80-induced scratching bouts in mice injected with AAV-DIO-286 

hM3Dq-mCherry (Fig. 2F). However, in mice injected with the AAV-DIO-mCherry, CNO did not change 287 

the scratching behavior. To test the effect of AAV-DIO-hM3Dq-mCherry in C48/80-induced anxiety-like 288 

behavior, the EPMT and OFT were performed. For the EPMT, there was no significant difference in the 289 

time spent in the open arms (Fig. 2G) and the number of entries into the open arms (Fig. 2H) between 290 

vehicle and CNO treatment in AAV-DIO-hM3Dq-mCherry- or AAV-DIO-mCherry-treated mice. 291 

Similarly, the activation of Drd1-MSNs had no effects on the time spent in the central zone (Fig. 2I) and 292 

travel distance (Fig. 2J) on the OFT. 293 

  294 

Chemogenetic inhibition of Drd1-MSNs promotes a low dose of C48/80-induced scratching 295 

behaviors 296 

We then tested the effect of chemogenetic inhibition of Drd1-MSNs on C48/80-induced behaviors. AAV 297 

virus expressing Cre-dependent hM4D(Gi) DREADDs (AAV-DIO-hM4Di-mCherry) or AAV-DIO-298 

mCherry were bilaterally injected in the NAc core in Drd1-Cre transgenic mice. Mice were examined for 299 

scratching and anxiety-like behaviors after CNO (or vehicle) and C48/80 injection (Fig. 3A and B). The 300 

virus expression in the NAc core was confirmed by mCherry fluorescence (Fig. 3C, D). Moreover, the 301 

excitability of Drd1-MSNs with  AAV-DIO-hM4Di-mCherry infection was markedly decreased after 302 

CNO incubation (Fig. 3E). However, inhibition of Drd1-MSNs firing by AAV-DIO-hM4Di-mCherry and 303 
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CNO did not affect C48/80-induced scratching behaviors (Fig. 3F). We then checked the effect of the 304 

virus on itch induced by a lower dose of C48/80 (10 μg/50 μl). The results showed that inhibition of 305 

Drd1-MSNs significantly increased scratching bouts in mice who received the lower dose of C48/80 (Fig. 306 

3G).  Again, inhibition of Drd1-MSNs had no effect on time spent and entries in the open arms on the 307 

EPM or the time spent in the central zone and total travel distance on the OF after either common dose 308 

(Fig. 3H-K) or lower dose (Fig. 3L-O) of C48/80 injection.  309 

 310 

Excitatory synaptic input is increased in Drd1-MSNs from C48/80-treated mice 311 

To examine if the change of neuronal excitability corresponds to the modulation of excitatory synaptic 312 

inputs under itch conditions, we measured the excitatory synaptic input to Drd1- and Drd2-MSNs after 313 

saline or C48/80 injection. We first tested the I-O relationships of the glutamatergic transmission 314 

established by the amplitude of EPSCs versus the electrical stimulation intensity on Drd1- and Drd2-315 

MSNs. Compared to the saline-treated group, C48/80 increased the magnitude of EPSCs that were 316 

evoked with the same intensity in Drd1-MSNs (Fig. 4A), but not altered in Drd2-MSNs (Fig. 4B). 317 

Moreover, in Drd1-MSNs from C48/80-treated mice, there is a significant increase in the frequency of 318 

sEPSCs, but not in the amplitude (Fig. 4C-E). However, C48/80 did not change the frequency or 319 

amplitude of sEPSCs in Drd2-MSNs (Fig. 4 F-H). To confirm the presynaptic modulation of glutamate 320 

release onto MSNs underlying itch conditions, we recorded electrical stimulation-evoked PPR on Drd1- 321 

and Drd2-MSNs. Compared to the saline-treated mice, the PPR of electrical stimulus-evoked EPSCs was 322 

substantially decreased in Drd1-MSNs from C48/80-treated mice (Fig. 4I). In contrast, C48/80-treated 323 

mice displayed no difference from saline-treated mice in the PPR of evoked EPSCs recorded from Drd2-324 

MSNs (Fig. 4J). As it was reported that some line of Drd2-EGFP mice are hyperactive (Kramer et al., 325 

2011), we compared the locomotion activity of Drd2-EGFP mice with C57Bl/6 mice. It showed that the 326 

travel distance is comparable between the two groups (Drd2-EGFP vs. C57Bl/6, 15.5  1.4 m vs. 16.3  327 
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1.7 m. P = 0.5699, Mann-Whitney test, n = 8-14 mice/group), which is in agreement with the reports by 328 

Chan et al.(Chan et al., 2012), indicating that the data from our Drd2-EGFP mice are reliable. 329 

 330 

C48/80 induces pathway-specific changes of glutamatergic synaptic input onto Drd1-MSNs   331 

The NAc receives glutamate synaptic input from the mPFC, BLA, and vHipp (Friedman et al., 2002; Britt 332 

et al., 2012). To test which pathway contributes to acute itch-induced presynaptic alterations, we injected 333 

AAV expressing YFP-tagged channel rhodopsin 2 (AAV9-CaMKIIα-ChR2-eYFP) into the mPFC, BLA, 334 

or vHipp. Three to four weeks later, notable expression of ChR2 was shown within these regions, and 335 

fluorescent axons were concentrated in NAc core (Fig. 5A). Then we validated the ChR2 function in 336 

YFP-positive pyramidal neurons in the mPFC and the afferents onto Drd1-MSNs in the NAc. The light-337 

stimulation (470 nm, 2-5 mW, with 5 Hz, 10 Hz, and 20 Hz for 1 sec) evoked stable firing in pyramidal 338 

neurons in the mPFC (Fig. 5B). Moreover, the light-stimulation-evoked EPSCs in Drd1-MSNs were 339 

blocked by adding DNQX (20 μM), an antagonist of AMPA/kainate receptor (Fig. 5C). Then we tested 340 

the presynaptic efficacies at afferents from mPFC, BLA, or vHipp onto Drd1-MSN in individual groups 341 

of animals using PPR. In Drd1-MSNs of the NAc core from C48/80-treated animals, the PPR of light-342 

evoked EPSC at mPFC afferent synapses was significantly decreased, but no change of PPR in BLA- or 343 

vHipp-NAc synaptic afferents (Fig. 5D and E). To clarify whether C48/80 changes the postsynaptic 344 

glutamate receptor’s function at these afferents onto Drd1-MSNs, we measured the light-evoked currents 345 

mediated by AMPA and NMDA receptors. However, there was no difference in AMPAR/NMDAR 346 

response ratios in mPFC-, BLA-, or vHipp-NAc synapses between saline and C48/80 injection groups 347 

(Fig. 5F). These results suggest that C48/80 induces a presynaptic adaptive change in mPFC-NAc 348 

projections onto Drd1-MSNs in the NAc core.  349 

 350 

The intrinsic excitability of mPFC-NAc projecting neurons is increased in C48/80-injected mice 351 

To test whether C48/80-induced change of transmitter release corresponds to the activity of the upstream 352 

region mPFC, the membrane excitability of mPFC-NAc projecting pyramidal neurons was assessed in 353 
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mice with NAc injection of retrobeads. Seven days after NAc injection, the retrobeads-positive pyramidal 354 

neurons were observed in the mPFC (Fig. 6A and B). We recorded the membrane physiological 355 

properties on labeled mPFC-NAc projecting pyramidal neurons in layer V of the PFC slice (Fig. 6C). 356 

C48/80 did not change the RMP in the mPFC-NAc projecting neurons (Fig. 6D), while significantly 357 

decreased rheobase currents (Fig. 6E). Additionally, the current-induced neuronal firing in mPFC-NAc 358 

projecting neurons was significantly increased in C48/80-injected mice (Fig. 6F and G). 359 

 360 

Chemogenetic suppression of mPFC-NAc excitatory synaptic afferents relieves C48/80-induced itch 361 

behavior 362 

We then measured whether the changes in the activity of mPFC-NAc excitatory synaptic input are related 363 

to itching behaviors. To examine this, AAV virus encoding inhibitory hM4D(Gi) DREADDs (AAV-364 

CaMKIIα-hM4Di-mCherry) or AAV-CaMKIIα-mCherry were bilaterally injected into the mPFC with 365 

bilateral implantation the guided cannulas into the NAc core (Fig. 7A). Mice were examined for 366 

scratching and anxiety-like behaviors after intradermal injection of C48/80 and intra-NAc local infusion 367 

of either vehicle or CNO before testing (Fig. 7B). The AAV injection site in the mPFC and the axon 368 

terminal expression in the NAc core were verified by mCherry fluorescence (Fig. 7C, D). The behavioral 369 

results showed that the CNO infusion into the NAc core significantly suppressed the scratching bouts in 370 

mice expressing the AAV-CaMKIIα-hM4Di-mCherry but not in mice expressing AAV-CaMKIIα-371 

mCherry after C48/80 injection (Fig. 7E). Furthermore, chemogenetic inhibition of mPFC-NAc core 372 

synaptic pathway had no effect on the time spent in the open arms (Fig. 7F) and number of entries into the 373 

open arms (Fig. 7G)  on the EPM or the time spent in central zone (Fig. 7H) and travel distance (Fig. 7I) 374 

on the OF.  375 

 376 

Pharmacological regulation of KOR in the NAc alters C48/80-induced scratching behaviors 377 

Activation of KOR has been adopted to treat intractable itch (Wikstrom et al., 2005; Munanairi et al., 378 

2018). Moreover, human functional magnetic resonance imaging showed that the NAc mediates the 379 
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antipruritic effect of KOR activation (Papoiu et al., 2015). To examine the role of KOR in itch processing, 380 

the bilateral guide cannulas were implanted into the NAc core. After the surgery recovery, KOR agonist 381 

U50488 was infused into the NAc core and the behaviors were tested (Fig. 8A and B).  U50488 382 

significantly decreased the scratching behavior induced by C48/80 (Fig. 8C). There were no effect on the 383 

time spent (Fig. 8D) and entries (Fig. 8E) in the open arms on the EPM, or the time spent in the central 384 

zone (Fig. 8F) and total travel distance (Fig. 8G) on the OF after activation of KOR. In contrast, low dose 385 

of C48/80-induced scratching behaviors were significantly increased after the infusion of a KOR 386 

antagonist nor-NBI into the NAc core (Fig. 8H). On the EPM, there was no significant difference between 387 

vehicle- and nor-NBI-treated mice in time spent in the open arms (Fig. 8I) and the number of entries into 388 

the open arms (Fig. 8J). Similarly, nor-NBI infusion had no effects on the time spent in the central zone 389 

(Fig. 8K) and travel distance (Fig. 8L) on the OF in C48/80-treated animals.   390 

 391 

The activity of KOR regulates itch-related synaptic plasticity in the NAc core 392 

To further test the mechanisms underlying KOR-mediated modulation of scratching behavior induced by 393 

C48/80, we recorded mEPSCs in the Drd1-MSNs from saline- and C48/80-injected mice. We first 394 

measured the effects of U50488 on mEPSCs of Drd1-MSNs (Fig. 9A). Perfusion of U50488 significantly 395 

decreased the frequency of mEPSCs in Drd1-MSN recorded from C48/80-treated animals compared with 396 

that in saline-treated mice (Fig. 9B). No difference was observed on the amplitude of mESPCs in saline- 397 

and C48/80-treated mice (Fig. 9C). Moreover, inhibition of KOR with nor-NBI increased the frequency 398 

of mEPSCs in Drd1-MSNs from C48/80-treated mice (Fig. 9D, E), with no alterations in the amplitude of 399 

mEPSCs (Fig. 9D, F).    400 

 401 

Discussion 402 

Here we showed that C48/80 decreased the intrinsic membrane excitability in Drd1-MSNs, and 403 

chemogenetic activation of Drd1-MSNs attenuated C48/80-induced itch. Moreover, C48/80 increased the 404 

excitatory synaptic transmission of Drd1-MSNs from the mPFC, also increased the intrinsic excitability 405 
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of PFC-NAc projecting pyramidal neurons. Chemogenetic inhibition of the PFC-NAc synaptic pathway 406 

relieved C48/80-induced scratching. Furthermore, pharmacological activation of KOR in the NAc 407 

suppressed scratching behavior and reduced the presynaptic excitatory inputs to Drd1-MSNs. Our results 408 

suggest that Drd1-MSNs and the synaptic inputs from the mPFC play an important role in the regulation 409 

of the scratching behaviors induced by itch stimuli, and KOR acts as a negative feedback regulator of 410 

Drd1-MSNs at the NAc core under itch conditions.  411 

 412 

Neural adaptation of Drd1-MSNs in the NAc core in C48/80-elicited acute itch 413 

As a critical part of the reward circuit, the NAc MSNs receive dopaminergic innervation from the VTA 414 

(Stuber et al., 2011). Meanwhile, NAc sends long-range GABAergic synaptic axonal projections to the 415 

VTA (Watabe-Uchida et al., 2012; Yang et al., 2018), and these inhibitory inputs play a major role in 416 

controlling the activity of DA neurons (Henny et al., 2012). C48/80 decreased the intrinsic excitability of 417 

Drd1-MSNs in the NAc, which may reduce the inhibition on VTA DA neurons and increase the release of 418 

DA to the NAc. Indeed, the activity of VTA DA neurons was increased during scratching behavior (Yuan 419 

et al., 2018; Su et al., 2019), and repeated activation of dopamine receptors on NAc neurons caused a 420 

reduction of membrane excitability (O'Donnell and Grace, 1996). Meanwhile, Drd1-MSNs suppress the 421 

tonic activity of VTA GABA neurons (Bocklisch et al., 2013), and the decreased intrinsic excitability of 422 

Drd1-MSNs may also contribute to the increased activity of GABA neurons under acute itch conditions, 423 

which mediates itch-related aversion (Su et al., 2019). Our data also showed that the RMP was 424 

hyperpolarized in Drd1-MSNs, which may also contribute to the decreased neuronal excitability after itch 425 

stimuli. However, the intrinsic excitability of Drd2-MSNs was not changed after C48/80 injection, 426 

indicating a different role of these two subtypes in mediating itch.  427 

The Drd1-MSNs play a crucial role in regulating the desire and motivation in reward-related 428 

behaviors (Calipari et al., 2016). Moreover, activation of NAc Drd1-MSNs results in resilient behavioral 429 

outcomes, while inhibition of these MSNs induces depression-like outcomes after chronic social defeat 430 
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stress (CSDC) (Francis et al., 2015). Chemogenetic activation of Drd1-MSNs decreased the scratching 431 

behaviors, which may be due to the increased GABAergic inhibition on dopaminergic neurons in the 432 

VTA (Yang et al., 2018). Meanwhile, chemogenetic inhibition of Drd1-MSNs enhanced scratching bouts 433 

in the low dose of C48/80 exposure but did not in the normal dose of C48/80 injection, which may 434 

attribute to the relative ceiling effect of C48/80 on scratching production (Kuraishi et al., 1995). However, 435 

chemogenetic regulation of the activity of NAc Drd1-MSNs had no effect on itch-elicited anxiety-like 436 

behaviors, suggesting that the motivation to scratch may be separated from the anxiety-like behaviors. 437 

NAc MSNs are a special type of GABAergic inhibitory neurons without spontaneous action 438 

potentials discharge, causing its activity depend on synaptic afferents. Itch stimuli increased the frequency 439 

but not the amplitude of sEPSCs in Drd1-MSNs, suggesting a presynaptic change in Drd1-MSNs, which 440 

was confirmed by measuring the electrical stimuli-evoked EPSC PPR, further suggesting that the 441 

adaption of presynaptic mechanism may increase the I-O relationship of EPSCs in Drd1-MSNs under itch 442 

conditions. The itch-elicited scratching behavior is highly associated with an increase in NAc DA level 443 

(Yuan et al., 2018), and DA or Drd1 agonist increased sEPSC frequency in Drd1-MSNs, while Drd2 444 

agonist decreased sEPSCs frequency in Drd2-MSNs (Andre et al., 2010). Meanwhile, the excitatory 445 

transmission was decreased in NAc Drd2-MSNs in inflammatory pain model (Schwartz et al., 2014). 446 

Notably, the increased presynaptic transmission is associated with the decreased membrane excitability of 447 

Drd1-MSNs after C48/80 injection, suggesting a synapse-membrane homeostatic regulation under acute 448 

itch conditions. An increase in the excitatory synaptic strength causes a homeostatic decrease in the 449 

intrinsic membrane excitability of NAc MSNs, which tends to stabilize the functional output of neuron 450 

(Ishikawa et al., 2009; Wang et al., 2018). It was reported that the upregulation of glutamate receptor 451 

NR2B leads to a decrease in the membrane excitability of NAc MSNs after short-term cocaine 452 

withdrawal (Wang et al., 2018). The molecular mechanism underlying the decrease of the membrane 453 

excitability of Drd1-MSNs after C48/80 needs further investigation. 454 

 455 

mPFC-NAc projections are adaptively changed and implicated in itch-related scratching 456 
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Glutamatergic synaptic afferents from multiple limbic and paralimbic regions to the NAc MSNs 457 

contribute to the regulation of motivation and anxiety (Stuber et al., 2011; Calhoon and Tye, 2015; Zhang 458 

et al., 2020). C48/80 did not change the AMPAR/NMDAR current ratio from mPFC, vHipp, and BLA, 459 

suggesting that the postsynaptic mechanism is not involved in acute itch. Similarly, cocaine exposure 460 

selectively increases the presynaptic release probability of the PFC-NAc synapses but does not change the 461 

BLA-NAc synapses (Suska et al., 2013). Differently, nerve injury- or inflammation-induced chronic pain 462 

causes long-term changes in postsynaptic AMPAR and NMDARs, and a decrease in the related 463 

motivation (Ren et al., 2016).  464 

Some cortex regions including mPFC, ACC, and insular cortex are activated under itch conditions 465 

(Dhand and Aminoff, 2014; Chen and Sun, 2020). C48/80 increased the intrinsic excitability of PFC-NAc 466 

projecting pyramidal neurons, which corresponds to the increase of glutamate release at the presynaptic 467 

terminals of these projection neurons in the NAc since the frequency of the action potential is closely 468 

related to glutamate transmitter release (Kaczmarek and Zhang, 2017). In agreement with the current 469 

study, c-fos expression was increased in the mPFC and ACC regions but not in BLA in mice with 470 

histamine-induced acute itch (Lu et al., 2018). Chemogenetic inhibition of PFC reduced both 471 

histaminergic and non-histaminergic itch-induced scratching (Li et al., 2021). Here, selective inhibition of 472 

the mPFC-NAc projection reduced C48/80-induced scratching behaviors. However, it seems 473 

contradictory to the increased scratching after the inhibition of Drd1-MSNs, which may be due to the 474 

complicated local circuitry in the NAc. Drd1-MSNs receive not only excitatory inputs from pPFC, vHipp, 475 

and BLA and DAergic input from VTA, but also inhibitory inputs from local GABAergic Drd2-MSNs, 476 

cholinergic and fast-spiking GABAergic interneurons (Stuber et al., 2012). The inhibition of mPFC-NAc 477 

projection or activation of KOR may lead to the changes of other pathways and indirectly regulate the 478 

excitability of Drd1-MSNs. 479 

Optogenetic regulation of mPFC or mPFC-NAc axonal terminals changes pain-related negative 480 

emotions (Lee et al., 2015; Martinez et al., 2017; Zhou et al., 2018). However, inhibition of the mPFC-481 

NAc pathway did not change itch-related anxiety behaviors. It was reported that selective stimulation of 482 
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the mPFC-NAc pathway did not change anxiety-like behavior on OFT, but inhibition of the vHipp-NAc 483 

pathway improves the depressive emotion in the CSDS model (Bagot et al., 2015), supporting that 484 

pathway-specific regulation of excitatory afferent onto the NAc displays disparate behavioral and 485 

physiological responses (Stuber et al., 2012). The neural circuits for coding the anxiety-like behaviors in 486 

itch require further experiments. 487 

 488 

KOR activation regulates acute itch via a presynaptic mechanism in the NAc core  489 

Human studies showed that injection with butorphanol, a pronounced KOR affinity agonist, suppresses 490 

histamine-evoked itch via the activation of NAc and septal nuclei (Papoiu et al., 2015). Systemic 491 

activation of KOR prevents the scratching behaviors induced by chloroquine in male mice (Brust et al., 492 

2016). Consistently, we found that activation of KOR in the NAc core attenuated C48/80-elicited 493 

scratching. KOR is expressed on presynaptic terminals of glutamate, dopamine, and serotonin inputs to 494 

the NAc (Karkhanis et al., 2016; Rose et al., 2016; Fontaine et al., 2022). Dynorphin is known to be the 495 

endogenous ligand of KOR, which is predominantly expressed in Drd1-MSNs in the NAc. The decrease 496 

of excitability of Drd1-MSNs after C48/80 may cause a reduction of dynorphin release. The activation of 497 

KORs inhibited excitatory synaptic transmission on Drd1-MSNs in itch animals, which may be due to 498 

negative feedback inhibition of KOR on the excitatory synaptic inputs from the mPFC (Hjelmstad and 499 

Fields, 2001). Glutamatergic afferents into Drd1-MSNs but not into Drd2-MSNs are more sensitive to 500 

KOR inhibition, and KOR inhibits BLA-NAc excitatory synaptic transmission in Drd1-MSNs (Tejeda et 501 

al., 2017). Moreover, activation of KOR in the caudal NAc shell or rostral NAc shell increased or 502 

decreased anxiety-like behaviors, respectively (Pirino et al., 2020). We found that C48/80-induced 503 

anxiety-like behaviors were not changed by KOR ligand in the NAc core, indicating that KOR modulates 504 

itch-related behaviors potentially via a cell-type and neural circuit-specific manner.  505 

In summary, our study elucidated the role of NAc MSN subtypes and their glutamatergic excitatory 506 

afferents in itch-related behaviors. These results demonstrated that the synaptic connections from mPFC 507 

to NAc core shaped the itch stimuli-elicited scratching behavior. In addition, NAc KOR acts as a negative 508 
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feedback regulator to drive itch-elicited scratching. Thus, specific regulation of the projection from mPFC 509 

to Drd1-MSNs or regulation of KOR in NAc core may provide effective strategies for the treatment of 510 

itch. It is worth noting that the current study was performed in male mice, whether the mechanisms work 511 

in female mice need further investigation. 512 
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Figures legend 720 

Figure 1. C48/80 reduces intrinsic excitability of Drd1-MSNs in the NAc core. A, Intradermal 721 

injection of C48/80 induces scratching bouts in mice. (n = 13-14 mice/group, ***P < 0.0001, U = 0, 722 

Mann–Whitney U test). B, The EPMT shows that C48/80 treatment reduces the time spent in open arms 723 

compared with saline injection (n = 13-14 mice/group, **P = 0.0069, U =36.50, Mann–Whitney U test). 724 

C, C48/80 reduces the open arms entries on the EPM (***P < 0.0001, t25 = 4.94, Student’s t-test). D, The 725 

OFT shows that C48/80 treatment reduces the time spent in central zone compared with saline injection (n 726 

= 13-14 mice/group, ***P = 0.0003; U = 20, Mann–Whitney U test). E, C48/80 treatment reduces the 727 

travel distance on the OFT (***P < 0.0001, U = 15, Mann–Whitney U test). F, Representative images 728 

show the identification of Drd1-MSNs (left) and Drd2-MSNs (right) in coronal NAc slices from Drd1-729 

tdTomato and Drd2-eGFP mice, respectively. G, Schematic representation of the experimental schedule 730 

and recording site. H, A fluorescent-positive neuron was recorded by patch clamp pipette in fluorescent 731 

and DIC image modes. I, Bar graph and scatter plot for rest membrane potential (RMP) in Drd1-MSNs in 732 

slices from the saline-treated and C48/80-treated mice (n = 32-39 neurons/group, *P = 0.04, U = 446.5, 733 

Mann–Whitney U test). J, Same as I for rheobase (n = 32-39 neurons/group, *P = 0.0105, t69 = 2.631, 734 

Student’s t-test). K, Sample traces of action potentials (APs) obtained in Drd1-MSNs in slices from 735 

saline-treated and C48/80-treated mice. L, The number of evoked action potentials in response to the 736 

increasing depolarizing current steps in Drd1-MSNs from saline-treated and C48/80-treated mice 737 

(F(interaction 8, 536) = 2.384, P = 0.0157; F(treatments 1,67) = 7.241, **P = 0.0090, two-way ANOVA with repeated 738 

measure). M, Bar graph and scatter plot for RMP in Drd2-MSNs in slices from the saline-treated (black) 739 

and C48/80-treated (green) mice (n = 25-26 neurons/group, P = 0.6261, t49 = 0.4903, Student’s t-test). N, 740 

Same as M for rheobase (n = 25-26 neurons/group, P = 0.2363, U = 263, Mann-Whitney U test). O, 741 

Sample traces of APs obtained in Drd2-MSNs in slices from saline-treated and C48/80-treated mice. P, 742 

The number of evoked action potentials in response to the increasing depolarizing current steps in Drd2-743 

MSNs from saline-treated and C48/80-treated mice (F (interaction 8, 384) = 0.3561, P = 0.9428; F (treatments 1, 48) = 744 

4575, P = 0.5020, two-way ANOVA with repeated measure).  745 
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 746 

Figure 2. Chemogenetic activation of Drd1-MSNs in the NAc core decreases C48/80-induced 747 

scratching behaviors. A, Schematic illustration of virus injection site in the NAc. The AAV-DIO-748 

hM3D(Gq)-mCherry was used for conditional activation of Drd1-MSNs in Drd1-Cre mice. B, Schematic 749 

diagram of the time line for the experiment. C, Representative brain section shows the expression of 750 

AAV-DIO-hM3Dq-mCherry in the NAc core. aca, anterior commissure, anterior part. D, Viral spread of 751 

AAV-DIO-hM3D(Gq)-mCherry and AAV-DIO-mCherry in Drd1-cre mice. Each mouse is represented 752 

by one translucent outline, and outlines are overlapped. E, Sample traces shows the injected currents-753 

(+100 pA and +140 pA) evoked membrane voltage responses recorded in hM3Dq-expressing Drd1-754 

MSNs before and after CNO (5 μM) application. Notably, CNO incubating leads a relatively sustained 755 

depolarization on the RMP and increases the firing frequency in hM3Dq-expressing cells. F, 756 

Chemogenetic activation of Drd1-MSNs in the NAc core decreases the scratching behaviors in mice 757 

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, 758 

P = 0.041). G, The EPMT shows that chemogentic activation of Drd1-MSNs in the NAc core does not 759 

change the time spent in open arms in mice treated with C48/80 (F(interaction 1, 10) = 0.03761, P = 0.8501; 760 

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 761 

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 = 762 

0.4438). I, The OFT shows that chemogenetic activation of Drd1-MSNs in the NAc core does not change 763 

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) = 764 

2.062, P = 0.1816; F(virus 1, 10) = 0.7666, P = 0.4018). J, Same as I for summary of the travel distance 765 

(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). 766 

 767 

Figure 3. Chemogenetic inhibition of Drd1-MSNs in the NAc core increases C48/80-induced 768 

scratching behaviors. A, Schematic illustration of virus injection site in the NAc. The AAV-DIO-769 

hM4Di-mCherry was used for conditional suppression of Drd1-MSNs in Drd1-Cre mice. B, Schematic 770 

diagram of the timeline for the experiment. C, Representative brain section shows the expression of 771 
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AAV-DIO-hM4Di-mCherry in the NAc core. aca, anterior commissure, anterior part. D, Viral spread of 772 

AAV-DIO-hM4D(Gi)-mCherry and AAV-DIO-mCherry in Drd1-cre mice. E, Sample traces show the 773 

injected currents- (+100 pA and +140 pA) evoked membrane voltage responses recorded in hM4Di-774 

expressing Drd1-MSNs before and after CNO (5 μM) application. F, Chemogenetic inhibition of Drd1-775 

MSNs in the NAc core does not change the scratching behaviors in mice treated with C48/80 at the dose 776 

of 100 g/50 μl (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 777 

= 0.6719). G, Chemogentic inhibition of Drd1-MSNs in the NAc core enhances the scratching behaviors 778 

in mice treated with a lower dose of C48/80 (10 g/50 μl) (F(interaction 1, 9) = 8.069, P = 0.0194; F(drug 1, 9) = 779 

8.331, P = 0.0180; F(virus 1, 9) = 9.858, P = 0.0119). H, The EMPT shows that inhibition of Drd1-MSNs in 780 

the NAc core does not change the time spent in open arms in mice treated with C48/80 (100 g) (F(interaction 781 

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 782 

for the summary of the open arms entry (F(interaction 1, 8) = 0.6857; P = 0.4316, F(drug 1, 8) = 0.07619, P = 783 

0.7895; F(virus 1, 8) = 2.388, P = 0.1608). J, The OFT shows that inhibition of Drd1-MSNs in the NAc core 784 

does not change the time spent in central zone in mice treated with C48/80 (100 g) (F(interaction 1, 8) = 785 

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 786 

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, 787 

8) = 0.0117, P = 0.9165). L, Same as H for results obtained from mice with a lower dose of C48/80 (10 g) 788 

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). 789 

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; 790 

F(virus 1, 9) = 0.04306, P = 0.8402). N, Same as J for results obtained from mice with a lower dose of 791 

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 792 

= 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 = 793 

0.3156; F(virus 1, 9) = 0.07106, P = 0.7958). 794 

 795 
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Figure 4. C48/80 increases the efficacy of excitatory transmission onto Drd1-MSNs. A, Averaged 796 

traces and summary graph of electrical stimuli-evoked EPSCs for Drd1-MSNs from saline-treated and 797 

C48/80-treated mice in response to different stimulus intensity (n = 6 neurons/group, F(interaction 4, 40) = 798 

3.523, P = 0.0148; F(treatments 1, 10) = 14.66, **P = 0.0045, two-way ANOVA with repeated measure). B, 799 

Averaged traces and summary graph of electrical stimuli-evoked EPSCs for Drd2-MSNs from saline-800 

treated and C48/80-treated mice in response to different stimulus intensity (n = 5-7 neurons/group, 801 

F(interaction 4, 40) = 0.2464, P = 0.9102; F(treatments 1, 10) = 0.01156, P = 0.9165, two-way ANOVA with repeated 802 

measure). C, Representative traces of sEPSCs obtained in Drd1-MSNs of the NAc core from saline-803 

treated and C48/80-treated mice. D, Cumulative probability of sEPSC event amplitude (K-S test, P = 804 

0.284) for a representative Drd1-MSN. Inset, summary bar graph and scatter plot for sEPSC amplitude in 805 

the saline-treated and C48/80-treated mice (n = 12-14 neurons/group, P = 0.8995, U = 81, Mann-Whitney 806 

U test). E, Same as D for cumulative probability of interval between sEPSC events (K-S test, P < 0.0001) 807 

and sEPSC frequency (n = 12-14 neurons/group, ***P < 0.0001, t24 = 4.858, Student’s t-test). F, Sample 808 

traces of sEPSCs obtained in Drd2-MSNs. G, Cumulative probability of sEPSC event amplitude (K-S test, 809 

P > 0.05) for Drd2-MSNs. Inset, summary bar graph and scatter plot for sEPSC amplitude in the saline-810 

treated and C48/80-treated mice (n = 10-11 neurons/group, P = 0.4936, t19 = 0.698, Student’s t-test). H, 811 

Same as G for cumulative probability of interval between sEPSC events (K-S test, P > 0.05) and sEPSC 812 

frequency (n = 10-11 neurons/group, P =0.9273, t19 = 0.09241, Student’s t-test). I, Averaged traces and 813 

summary graph of PPR for Drd1-MSNs from saline-treated and C48/80-treated mice at different inter-814 

stimulus intervals (n = 8-9 neurons/group, F(interaction 3, 45) = 3.488, P = 0.0232; F(treatments 1, 15) = 14.66, **P = 815 

0.0016, two-way ANOVA with repeated measure). J, Averaged traces and summary graph of PPR for 816 

Drd2-MSNs from saline-treated and C48/80-treated mice at different inter-stimulus intervals (n = 8-9 817 

neurons/group, F(interaction 3, 45) = 0.3581, P = 0.7835, F(treatments 1, 15) = 0.1289, P = 0.7246, two-way ANOVA 818 

with repeated measure).  819 

 820 
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Figure 5. C48/80 increases the projection from the mPFC to Drd1-MSNs in the NAc core. A, 821 

Representative coronal brain slices show the expression of AAV-CaMKIIα-ChR2-eYFP in the mPFC, 822 

BLA, and vHipp and ChR2-eYFP-containing terminals in the NAc core. aca, anterior commissure, 823 

anterior part. B, Representative traces of blue LED light-induced action potentials at different frequencies 824 

in ChR2-positive neurons in the mPFC. C, Blue light-induced EPSC recorded from Drd1-MSN at NAc 825 

core in the absence or presence of 20 μM of DNQX. D, Sample traces of light-evoked EPSCs for Drd1-826 

MSN in the NAc core obtained from synapses within the mPFC-to-NAc, BLA-to-NAc, or vHipp-to-NAc 827 

pathways in saline-treated and C48/80-treated mice. EPSCs recorded at -70 mV with 50 ms and 100 ms 828 

inter-stimulus intervals. Blue lines show the onset of paired light stimulations. E, Mean PPR values of 829 

Drd1-MSNs obtained from synapses within the mPFC-to-NAc (n = 12-14 neurons), BLA-to-NAc (n = 830 

10-13 neurons), or vHipp-to-NAc (n = 11-14 neurons) pathways at different inter-stimulus intervals in 831 

saline-treated and C48/80-treated mice (F(interaction 3, 72) = 4.872, P = 0.0041; F(treatments 1, 24) = 10.16, P = 832 

0.0040; two-way ANOVA with repeated measure). F, Sample traces of AMPAR- and NMDAR-EPSCs 833 

(left panel of each group) recorded at -70 mV and +40 mV on Drd1-MSNs in the NAc core from the light 834 

stimulation of different synaptic inputs in saline- and C48/80-treated mice. Summary bar graph (right 835 

panel of each group) shows the AMPAR/NMDAR response ratios on Drd1-MSNs from the different 836 

synaptic inputs in saline- and C48/80-treated mice (mPFC input, n = 11-12 neurons; BLA input, n = 10-837 

13 neurons; vHipp input, n = 11-14 neurons).  838 

 839 

Figure 6.  C48/80 increases the excitability of mPFC-to-NAc projection pyramidal neurons. A, 840 

Schematic diagram for retrobeads green injection and patch-clamp recording in brain slices. B, 841 

Representative coronal brain slices show retrobeads injection sites in the NAc core and retrobeads green-842 

positive neurons (green) in the mPFC. aca, anterior commissure, anterior part; NAcC, NAc core; NAcSh, 843 

NAc shell. C, Images show the electrophysiological recording on retrobeads-labeled pyramidal neurons in 844 

the mPFC. Red arrows marked the retrobeads-positive neurons. D, Summary bar graph and scatter plot 845 

for RMP of green retrobeads-positive PFC-projecting to NAc pyramidal neurons (n = 27-29 neurons, P = 846 
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0.3098, U = 329, Mann-Whitney U test). E, Same as D for rheobase of pyramidal neurons (n = 27-29 847 

neurons, *P = 0.0110, U = 244, Mann-Whitney U test). F, Sample traces of membrane voltage responses 848 

recorded from green retrobeads-positive PFC-projecting to NAc pyramidal neurons from saline- or 849 

C48/80-treated mice. G, Summarized data show the number of evoked spikes in the groups as indicated in 850 

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 851 

ANOVA with repeated measure).  852 

 853 

Figure 7. Chemogenetic suppression of glutamatergic synaptic afferents from the mPFC to the NAc 854 

core improves C48/80-induced scratching. A, Schematic illustration of virus injection and the guide 855 

cannula implantation. B, Schematic diagram of the time line for the experiment. C, Representative brain 856 

section shows the expression of hM4Di-mCherry in the PFC and hM4Di-mCherry-containing terminals in 857 

the NAc core. aca, anterior commissure, anterior part. D, Viral spread of AAV-CamKII-hM4D1-858 

mCherry and AAV-CaMKII-mCherry in C57Bl/6 mice. E, Summary bar graph shows that local 859 

microinjections of CNO (1 μM) into the NAc core reduces scratching behaviors evoked by C48/80 (n = 860 

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 < 861 

0.001). F, The EPMT shows that inhibition of PFC glutamatergic terminals in the NAc does not change 862 

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) = 863 

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 864 

(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 865 

OFT shows that inhibition of PFC glutamatergic terminals in the NAc does not change the time spent in 866 

central zone in mice treated with C48/80 (F(interaction 1, 19) = 4342, P = 0.5178; F(drug 1, 19) = 0.08039, P = 867 

0.7798; F(virus 1,19) = 2.023, P = 0.1712). I, Same as H for summary of the travel distance on the OF 868 

(F(interaction 1,19) = 0.2559, P = 0.6187; F(drug 1,19) = 3.341, P = 0.0833). 869 

 870 
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Figure 8. Regulation of KOR in the NAc alters C48/80-induced scratching behaviors. A, 871 

Experimental configuration shows guide cannula implantation in the NAc core. B, Schematic diagram of 872 

the timeline for the experiment. C, Bilateral intra-NAc core infusion of KOR agonist U50488 (0.26 873 

μg/0.3μl per side) significantly attenuates C48/80-induced scratching behaviors (n = 9 mice for each 874 

group, t16 = 3.749, P = 0.0018). D, NAc administration of U50488 does not affect the time spent in open 875 

arms in mice with treated with C48/80 (U = 30.50, P = 0.3980). E, Same as D for the open arms entry (U 876 

= 35.50, P = 0.6853). F, U50488 does not affect the time spent in central zone in mice with treated with 877 

C48/80 (U = 31.50, P = 0.4489). G, Same as F for the travel distance (U = 28, P = 0.2973). H, Intra-NAc 878 

core pre-infusion of KOR antagonist nor-NBI (0.25 μg/0.3μl per side) increases the low-dose (10 μg/50 μl) 879 

of C48/80-induced scratching behaviors (n = 12 to 13 mice for each group, t23 = 2.429, P = 0.0234). I, 880 

nor-NBI did not affect the time spent in open arms in mice treated with C48/80 (10 μg) (t23 = 0.03014, P 881 

= 0.9762). J, Same as I for the open arms entry (U = 57, P = 0.2611). K, nor-NBI did not affect the time 882 

spent in central zone in mice treated with C48/80 (U = 65, P = 0.4936). L, Same as K for the travel 883 

distance (U = 51, P = 0.1519). 884 

 885 

Figure 9. KOR activity changes the frequency of mEPSCs in Drd1-MSNs after C48/80 treatment. A, 886 

Sample traces of mEPSCs recorded in Drd1-MSNs at NAc core from saline- and C48/80-treated mice 887 

before and during application of U50488 (1 μM). B, Summary of the effects of U50488 on the frequency 888 

of mEPSCs recorded from saline and C48/80 treated mice (n = 7-12 neurons, t17 = 2.943, P = 0.0091). C, 889 

Summary of the effects of U50488 on the amplitude of mEPSCs (t17 = 0.1314, P = 0.8970). D, Same as A 890 

for mEPSCs obtained in the absence or presence of nor-NBI (0.1 μM) from saline- and C48/80-treated 891 

mice. E, Summary of the effects of nor-NBI on the frequency of mEPSCs recorded from saline- and 892 

C48/80-treated mice (n = 9-11 neurons, U = 14, P = 0.0057). F, Summary of the effects of nor-NBI on the 893 

amplitude of mEPSC (t18 = 0.3375, P = 0.7396). 894 

 895 




















