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Ventral tegmental area (VTA) dopaminergic neurons, which are well known for their central roles in reward and motivation-
related behaviors, have been shown to participate in itch processing via their projection to the nucleus accumbens (NAc).
However, the functional roles of different dopamine receptor subtypes in subregions of the NAc during itch processing
remain unknown. With pharmacological approaches, we found that the blockade of dopamine D1 receptors (D1R), but not
dopamine D2 receptors (D2R), in the lateral shell (LaSh) of the NAc impaired pruritogen-induced scratching behavior in
male mice. In contrast, pharmacological activation of D2R in both the LaSh and medial shell (MeSh) of the NAc attenuated
the scratching behavior induced by pruritogens. Consistently, we found that dopamine release, as detected by a dopamine
sensor, was elevated in the LaSh rather than the MeSh of the NAc at the onset of scratching behavior. Furthermore, the ele-
vation of dopamine release in the LaSh of the NAc persisted even though itch-relieving behavior was blocked, suggesting that
the dopamine signal in the NAc LaSh represents a motivational component of itch processing. Our study revealed different
dynamics of dopamine release that target neurons expressing two dopamine receptors subtypes within different subregions of
the NAc, and emphasized that DIR in the LaSh of the NAc is important in itch signal processing.
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Dopamine has been implicated in itch signal processing. However, the mechanism underlying the functional role of dopamine
in itch processing remains largely unknown. Here, we examined the role of dopamine D1 receptor (D1R) and D2R in the nu-
cleus accumbens (NAc) shell during pruritogen-induced scratching behavior. We demonstrated that D1R in the NAc lateral
shell (LaSh) play an important role in motivating itch-induced scratching behavior, while activation of D2R would terminate
scratching behavior. Our study revealed the diverse functional roles of dopamine signals in the NAc shell during itch

processing. /

related behaviors (Bromberg-Martin et al., 2010; Russo and
Nestler, 2013; Morales and Margolis, 2017). Human brain
imaging studies have implicated the possible role of the dopa-
minergic system in the affective component of itch (Papoiu et
al., 2013; Mochizuki et al., 2014). Recent animal studies have
also examined the role of dopamine in itch signal processing
(Yuan et al., 2018; Su et al., 2019). Fiber photometry record-
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Itch has motivational and affective components (Bautista et
al., 2014). Dopaminergic neurons in the ventral tegmental
area (VT'A) is a major component of the reward system and
plays an important role in reward-related and motivation-
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ings have shown that the activity of dopaminergic neurons in
the VTA is correlated with scratching behavior induced by
pruritogens. The activity of dopaminergic neurons in the VTA
increases after the onset of scratching (Yuan et al., 2018; Su
et al., 2019). Behavioral experiments showed that scratching
behavior was interrupted by suppressing the activity of dopa-
minergic neurons in the VTA (Yuan et al,, 2018), suggesting
that dopaminergic neurons play a modulating role in itch
processing. Dopaminergic neurons in the VTA are highly het-
erogeneous and project to multiple downstream brain areas
(Morales and Margolis, 2017). For instance, afferent inputs to
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the lateral shell of the nucleus accumbens (NAc LaSh) are mainly
from the lateral VTA, whereas fibers from the medial VTA termi-
nate in the medial shell of the NAc (NAc MeSh; Lammel et al.,
2008; Beier et al., 2015; Yang et al., 2018). Previous studies used
fiber photometry to record the calcium signal of dopaminergic
fibers from the VTA to different subregions of the NAc and found
that the dopaminergic fibers in the NAc LaSh exhibited a more
prominent elevation in activity than those in the NAc MeSh dur-
ing pruritogen-induced scratching behavior (Yuan et al, 2018),
indicating that these two subregions play differential roles in itch
processing. However, the functional roles of these two subregions
in itch processing are still unknown.

Dopamine D1 receptor (D1R) and D2 receptor (D2R) repre-
sent two important dopamine receptor subtypes. The functional
roles of dopamine receptors in itch have been examined in early
behavioral experiments. Pharmacological studies showed that
systemic activation of D2R induced dose-dependent scratching
behavior in squirrel monkeys, and blockade of both D1R and D2R
attenuated the scratching induced by quinpirole (Rosenzweig-
Lipson et al, 1994; Pellon et al, 1995). In rats, the scratching
behavior induced by intrathecal injection of bombesin or intrader-
mal injection of pruritogens was decreased by the systemic block-
ade of DIR (Merali and Piggins, 1990), and activation of D2R
abolished the pruritic stimulus-induced scratching behavior
(Merali and Piggins, 1990; Akimoto and Furuse, 2011). These
findings indicate that activation of DIR promotes itch-induced
scratching behavior, while D2R activation stops scratching behav-
ior. Although dopamine receptors have been demonstrated to be
involved in itch processing, these pharmacological studies did not
reveal the action site for dopamine receptors that participated in
itch processing. D1R and D2R are highly expressed and mark two
major neuronal populations in the NAc (Floresco, 2015; Castro
and Bruchas, 2019). These two receptor subtypes in the NAc play
important roles in motor behaviors. It has been shown that inhibi-
tion of DIR and D2R in the NAc suppressed ambulation (Baldo et
al., 2002). Activation of D1R in the NAc increased locomotor ac-
tivity (Meyer et al,, 1993). Activation of D2R in the NAc reduced
locomotion (Mogenson and Wu, 1991; Wu et al., 1993). However,
the functional role of different subtypes of dopamine receptors in
the NAc during itch signal processing remains largely unknown.

In this study, we determined the roles of D1R and D2R in the
NACc shell in itch processing. We also examined the dynamics of
dopamine release of different subregions in the NAc shell during
itch processing. Furthermore, we determined the potential role
of dopamine in driving itch-relieving behaviors.

Materials and Methods

Animals

Male C57BL/6], D1-Cre (MMRRC_030989-UCD), D2-Cre (MMRRC_
032108-UCD), DI-Cre/GRPR-Flpo, and D2-Cre/GRPR-Flpo mice were
used for experiments. C57BL/6] male mice were ordered from the Shanghai
Laboratory Animal Center (SLAC). GRPR-Flpo mice were established as
described previously (Liu et al.,, 2019). All mice were housed up to six mice
per cage in an animal room under a 12/12 h light/dark cycle (lights on from
7:00 AM. to 7:00 P.M.) with ad libitum access to food and water.
Behavioral tests were conducted in the light phase. All procedures
were approved by the Animal Care and Use Committee of the
Center for Excellence in Brain Science and Intelligence Technology,
Chinese Academy of Sciences, Shanghai, China.

Adeno-associated virus (AAV) virus

AAV-EF1a-fDIO-hChR2(H134R)-mCherry-WPRE-pA (AAV2/9, titer:
4.8 x 10'* vg/ml) and AAV-hEFla-fDIO-mCherry-WPRE-pA (AAV2/
9, titer: 3.82 x 10'* vg/ml) were packaged by Shanghai Taitool Biological.
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AAV-hSyn-DIO-DA2h (AAV2/9, titer: 9.39 x 10'* vg/ml; Sun et al., 2020)
was packaged by Vigene Biosciences. AAV-hSyn-DIO-EGFP-CAAx
(AAV2/9, titer: 2.95 x 10"* vg/ml) was provided by Yu-Long Li’s lab
at Peking University.

Drugs
The DI1R antagonist SCH23390, D2R antagonist raclopride, D1R agonist
SKF38393, and D2R agonist quinpirole were obtained from Sigma.

Surgery

The surgery was performed as described previously (Yuan et al., 2019;
X.J. Chen et al,, 2021). To monitor the dynamics of dopamine release in
the NAc, AAV-hSyn-DIO-DA2h was injected into the NAc of mice (six
to eight weeks old), and experiments were performed two to four weeks
after viral injection. Mice were anesthetized with a mixture of xylazine
hydrochloride and zoleti (mixture of tiletamine hydrochloride and zala-
zepam hydrochloride), and body temperature was maintained by a heat-
ing blanket. Virus was injected via glass pipettes connected to an air
pressure system at a rate of ~30 nl/min. For brain surgery, the head was
fixed in a stereotaxic apparatus and mice were injected with 0.2-0.3 ul
viral solution into the NAc LaSh [anterior-posterior (AP): +0.98 mm;
medial-lateral (ML): —1.75 mm; dorsal-ventral (DV): —4.7 mm] or NAc
MeSh (AP: +1.34 mm; ML: —0.5 mm; DV: —4.5 mm), and the pipette
was withdrawn 5 min later. For optical fiber implantation, the fiber (di-
ameter: 200 um; NA: 0.37, Shanghai Zhuen Technology) was implanted
above the injected site immediately after virus injection. Dental cement
was applied to connect the optic fiber to the skull. For cannula implanta-
tion, one week before the experiment, cannulas (0.41 mm in diameter,
RWD Life Science) were implanted into the bilateral NAc LaSh (AP:
+0.98 mm; ML: =1.75 mm; DV: —4.7 mm) and attached to the skull
with dental cement.

For spinal surgery, mice were fixed by mounting the vertebral col-
umn in the stereotaxic apparatus. The cervical or lumbar vertebrae were
exposed, and virus was injected into the right side of the spinal cord at
four (cervical) or three (lumbar) injection sites (interspaced by 400 um,
400 nl per site). The pipette was withdrawn 5 min later. After virus injec-
tion, a blue LED (Teleopto) was attached above the injected sites with
dental cement. The incision was closed with stitches.

After surgery, the animals were allowed to recover from anesthesia
on a heating blanket.

Experimental design and statistical analysis

Fiber photometry

AAV-hSyn-DIO-DA2h and AAV-hSyn-DIO-EGFP-CAAx (Li Lab) were
injected into the NAc LaSh (AP: +0.98 mm; ML: —1.75 mm; DV: —4.7
mm) or the NAc MeSh (AP: +1.34 mm; ML: —0.5 mm; DV: —4.5 mm).
An optic fiber (diameter: 200 um; NA: 0.37, Shanghai Zhuen Technology)
was implanted into the virus-injected site as described previously (Yuan et
al., 2019). Mice were handled for 3 d before the photometry experiment.
Scratching behavior and fluorescence values were recorded simultaneously
at 1000 Hz with the F-scope-G-2 (BiolinkOptics) after intradermal injec-
tion of chloroquine (CQ; 200 ug/50 ul, Sigma) and endothelin-1 (ET-1;
25ng/50 ul) in the nape. Photometry and scratching behavior data were
analyzed using MATLAB. First, scratching train onset and offset were
identified by custom code (Mu et al., 2017; Yuan et al., 2018) according to
the characteristic of scratch trace and then manually adjusted to improve
the accuracy for defining the time point of behavior onset or offset. We
collected 10 s of noise from the recording system while physically prevent-
ing any visual input to the recording optic fiber. For the fluorescence sig-
nal, the noise signal of the recording system was subtracted from the
recorded fluorescence values, and the resulting fluorescence values in each
scratch train were derived. The change in fluorescence values (AF/F) in
each scratch train was calculated by (F - Fy)/F, in which F stands for fluo-
rescence values at each time point (—5 to 6 s relative to scratch train onset
or —6 to 5 s relative to scratch train offset). F, stands for the median fluo-
rescence value during the baseline period (—4 to —2 s relative to scratch
train onset). The AF/F values of all scratch trains were heat plotted or then
averaged and plotted, with a shaded area indicating SEM.
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Figure 1. Effects of manipulation of D1R or D2R in the NAc LaSh on scratching behavior. A, Left panel, Schematic of cannula implantation in the NAc LaSh. Right panel, Histologic verifica-
tion of the location of cannulas in an example animal; arrows indicate the outline of cannulas. Scale bar, 500 xm. B, Timeline of the antagonist injection and scratching behavior test. C,
Schematic of the scratching behavior recording chamber. D, Example trace showing the recorded scratching behavior. E, Raster plot showing CQ-induced scratching bouts in the three groups of
mice after drug injection. Each bar represents a single scratching bout (n = 6—7 mice in each group). SCH23390, the antagonist of D1R; raclopride, the antagonist of D2R. F, Effects of dopamine
receptor antagonists on (Q-induced scratching behavior. Left panel, Number of (Q-induced scratching bouts every 5min after injection of saline, SCH23390 (0.2 reg/pul, 0.5 wul per site), or
raclopride (0.2 ueg/pl, 0.5 uul per site). Right panel, Total number of CQ-induced scratching bouts within 30 min of injection of saline, SCH23390, or raclopride (one-way ANOVA, n=6-7 mice
in each group, SCH23390 p = 0.008, raclopride p = 0.82). G, Effects of dopamine receptor antagonists on ET-1-induced scratching behavior. Left panel, Number of ET-1-induced scratching bouts
every 5 min after injection of saline, SCH23390 (0.2 wg/pal, 0.5 wul per site), or raclopride (0.2 g/, 0.5 wal site). Right panel, Total number of ET-1-induced scratching bouts within 30 min of
injection of saline, SCH23390, or raclopride (one-way ANOVA, n = 5-7 mice in each group, SCH23390 p = 0.01, raclopride p > 0.99). H, Locomotion traces of mice that received injection of sa-
line, SCH23390 (0.2 g/ pal, 0.5 wul per site), or raclopride (0.2 g/pal, 0.5 wl per site) in the open field test. /, Traveling distance in the open field test of mice in the three groups. Left panel,
Traveling distance of mice after every 5 min. Right panel, Total traveling distance of mice in three groups (one-way ANOVA, n = 6—7 mice in each group). J, Diagram of a mouse with an adhe-
sive sticker. K, Effect of dopamine receptor antagonists on sticker-induced scratching behavior. Left panel, Number of sticker-induced scratching bouts every 5min after injection of saline,
SCH23390 (0.2 g/, 0.5 el per site), or raclopride (0.2 zeg/ul, 0.5 wl per site). Right panel, Total number of sticker-induced scratching bouts within 30 min of injection of saline, SCH23390,
or raclopride (one-way ANOVA, n=6-7 mice in each group). L, Effects of dopamine receptor agonists on (Q-induced scratching behavior. Left panel, Number of (Q-induced scratching bouts
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Itch behavioral test

The scratching behavior was analyzed as described previously (Inagaki et
al,, 2002; Mu et al,, 2017). Briefly, a magnet (1 mm in diameter, 3 mm in
length, ~17 mg) was implanted into the back of the right hindpaw for
each mouse under anesthesia at least 5d before the behavioral tests.
Mice were shaved on the back of the neck and individually handled daily
for 5 d before the behavioral tests. Mice were intradermally injected with
the pruritic compounds chloroquine (200 ug/50 ul) and endothelin-1
(25 ng/50 ul) into the nape of the neck on the ipsilateral side of the hind-
paw with a magnet. During behavioral experiments, mice were placed in
a chamber surrounded by a coil connected to an amplifier (Shanghai
Deayea Technology). Scratching behavior was recorded for 30 min after
injection. The scratching behavior was analyzed with custom codes in
MATLAB.

Open field test

The spontaneous motor ability of mice was measured in an open field
test. Mice were habituated in the testing room for at least 30 min before
the test. Freely moving mice were allowed to explore a behavior chamber
(40 x 40 x 40cm’) for 30 min. The movement of the mice was video-
taped with a camera (Dahua.Inc). The chambers were cleaned before
and between trials. The behavioral parameters (distance and velocity) were
analyzed by EthoVision software (Noldus Information Technologies).

Sticker-induced scratching behavior

A sticker removal test was performed to determine the motor ability.
The adhesive sticker (1.5 x 1.5 cm) was placed on the rostral back of the
mice. Mice scratched to remove the sticker, and the scratching behavior
was recorded with the magnet induction method.

Pharmacological experiment

For in vivo pharmacological experiments, the selective DIR antagonist
SCH23390 (0.1 ug/side, Sigma), DIR agonist SKF38393 (4 ug/side,
Sigma), D2R antagonist raclopride (0.1 ug/side, Sigma), or D2R agonist
quinpirole (2 ug/side, Sigma) was intracisternally injected into the NAc
LaSh.

Wireless optogenetic stimulation

For optic stimulation in recording and behavior tests, a wireless receiver
(Teleopto) was connected to the blue LED, which had been implanted
into the spinal cord of mice. Blue light was delivered at 473 nm and 20
mW in a train of 5-ms light pulses at 5, 10, or 20 Hz for 2 s every 30 s.
The laser power was measured at the surface of the LED, and the output
of the laser was controlled via a Master 9 pulse stimulator (A.M.P.L).

Imaging
Images of brain slices were acquired by an Olympus VS120 fluorescence
microscope with a 10x objective.

Statistical analysis

Statistical analysis was performed by GraphPad Prism 6 and MATLAB
2014a. All analyses were two-tailed comparisons. The data were analyzed
using a Mann-Whitney test, Wilcoxon test, Kruskal-Wallis test, and two-

«—

every 5min after injection of saline, SKF38393 (8 reg/ul, 0.5 ul per site), or quinpirole
(4 g/, 0.5 wl per site). Right panel, Total number of CQ-induced scratching bouts within
30min of injection of saline, SKF38393, or quinpirole (n=7 mice per group, one-way
ANOVA, SKF38393 p > 0.99, quinpirole p=0.003). M, Traveling distance in the open field
test of mice in the three groups. Left panel, Traveling distance of mice after every 5min.
Right panel, Total traveling distance of mice in three groups (n =7 mice per group, one-way
ANOVA, SKF38393 p = 0.24, quinpirole p = 0.88). N, Effects of dopamine D2 receptor agonist
on sticker-induced scratching behavior. Left panel, Number of sticker-induced scratching
bouts every 5min after injection of saline or quinpirole (4 eg/ul, 0.5 ul per site). Right
panel, Total number of sticker-induced scratching bouts within 30 min of injection of saline
or quinpirole (n=4-5 mice in each group, Mann-Whitney test, p =0.03). 0, The locations
of the tips of injection tubes in mice. Each red circle represents an injection tube (n=40
mice). All error bars represent SEM; *p << 0.05, **p << 0.01.
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way ANOVA. Statistical significance was set at p <0.05, and p values
of <0.001 are reported as p < 0.001.

Results

Different role of DIR and D2R expressed in the NAc LaSh
during itch signal processing

To investigate the functional role of D1R expressed in the NAc
LaSh during itch processing, we determined the effect of block-
ing DIR in the NAc LaSh on itch-induced scratching behavior.
We bilaterally implanted cannulas into the NAc LaSh (Fig. 1A,
O). Then, we injected SCH23390, a selective antagonist of DIR,
into the bilateral NAc LaSh. Immediately after local injection of
SCH23390, we intradermally injected chloroquine (CQ) into the
rostral back of mice and recorded the scratching behavior for
30 min with a magnetic induction method (Fig. 1B-D; Mu et al,,
2017). We found that blocking DIR in the NAc LaSh by local
injection of SCH23390 significantly attenuated the scratching
behavior induced by CQ (Fig. 1E,F). We also examined whether
the same manipulation affected scratching behavior induced by
another pruritogen, endothelin-1 (ET-1), and found that the
blockade of DIR in the NAc LaSh also decreased scratching
behavior in the ET-1 model (Fig. 1G). It has been shown that the
activity of D1R in the NAc LaSh is also related to motor control
(Baldo et al., 2002; Floresco, 2015). It is thus likely that the reduc-
tion in scratching behavior after blockade of D1R in the NAc
LaSh is due to a nonspecific effect on motor activity. To examine
this possibility, we measured the locomotor activity of mice after
infusion of SCH23390 in the NAc LaSh with the open field test.
No significant difference was detected in the traveling distance
observed between mice injected with saline and those injected
with SCH23390 (Fig. 1H,I), indicating that the blockade of DIR
did not affect the locomotion of mice. We recognized that the
movements involved in itch-induced scratching were different
from those involved in locomotion. Thus, we further examined
the effect of blocking DIR in the NAc LaSh on the scratching
behavior induced by an adhesive sticker (Fig. 1]). The
sticker was used as a non-noxious mechanical stimulus
(Bradbury et al., 2002; Ranade et al., 2014; Campos et al.,
2018) to induce scratching behavior. After the injection of
SCH23390, we immediately placed an adhesive sticker on
the rostral back of mice and recorded scratching behavior
for 30 min. We found that the blockade of D1R in the NAc
LaSh did not influence scratching behavior induced by
stickers (Fig. 1K). These results further support the notion
that the attenuation of scratching behavior was not because
of motor impairment after blocking D1R. Next, we asked
whether pharmacologic activation of D1R could enhance
scratching behavior. With a similar approach, we activated
D1R in the NAc LaSh by bilateral injection of SKF38393, a
selective agonist of D1R. However, activation of D1R in the
NAc LaSh did not affect CQ-induced scratching behavior
(Fig. 1L) or the locomotion of mice in the open field test
(Fig. 1M). Taken together, our results suggest that activa-
tion of D1R in the NAc LaSh is necessary for itch-induced
scratching behavior.

D2R is also highly expressed in the NAc, and we asked
whether D2R plays roles similar to those of D1R in itch process-
ing. We found that the blockade of D2R in the NAc LaSh by local
injection of the selective antagonist of D2R, raclopride, did not
affect the scratching behavior induced by pruritogens (Fig. 1E-
G). In addition, the observed traveling distance of mice injected
with saline was similar to that of mice injected with raclopride
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Figure 2.  Effects of manipulation of D1R or D2R in the NAc MeSh on scratching behavior. A, Left panel, Schematic of cannula implantation in the NAc MeSh. Right panel, Histologic verifica-
tion of the location of the cannulas in an example animal; arrows indicate the outline of cannulas. Scale bar, 500 wm. B, Timeline of the antagonist injection and scratching behavior test. (,
Raster plot showing CQ-induced scratching bouts detected in three groups of mice after drug injection. Each bar represents a single scratching bout (n = 7-8 mice in each group). D, Effects of
dopamine receptor antagonists on (Q-induced scratching behavior. Left panel, Number of CQ-induced scratching bouts every 5 min after injection of saline, SCH23390 (0.2 wg/pal, 0.5 uul per
site), or raclopride (0.2 g/pl, 0.5 ! per site). Right panel, Total number of CQ-induced scratching bouts within 30 min after injection of saline, SCH23390, or raclopride (n = 7-8 mice in each
group, one-way ANOVA, SCH23390 p = 0.71, raclopride p = 0.92). E, Effects of dopamine receptor antagonists on ET-1-induced scratching behavior. Left panel, Number of ET-1-induced scratch-
ing bouts every 5min after injection of saline, SCH23390 (0.2 g/pl, 0.5 ! per site), or raclopride (0.2 ug/wal, 0.5 wl per site), Right panel, Total number of ET-1-induced scratching bouts
within 30 min after injection of saline, SCH23390, or raclopride (n =8 mice per group, one-way ANOVA, SCH23390 p > 0.99, raclopride p > 0.99). F, Locomotion traces of mice that received
an injection of saline, SCH23390 (0.2 wg/ual, 0.5 el per site), or raclopride (0.2 weg/ul, 0.5 ul per site) in the open field test. G, Traveling distance in the open field test of mice in the three
groups. Left panel, Traveling distance of mice every 5 min. Right panel, Total traveling distance of mice in the three groups (n =7-8 mice in each group, one-way ANOVA, SCH23390 p = 0.09,
raclopride p = 0.51). H, Effects of dopamine receptor antagonists on sticker-induced scratching behavior. Left panel, Number of sticker-induced scratching bouts every 5 min after injection of sa-
line, SCH23390 (0.2 g/l 0.5 wul per site), or raclopride (0.2 g/ul, 0.5 ul per site). Right panel, Total number of sticker-induced scratching bouts within 30 min after injection of saline,
SCH23390, or raclopride (n=8 mice per group, one-way ANOVA, SCH23390 p > 0.99, raclopride p > 0.99). 1, Effects of dopamine receptor agonists on (Q-induced scratching behavior. Left
panel, Number of CQ-induced scratching bouts every 5 min after injection of saline, SKF38393 (8 reg/l, 0.5 uul per site), or quinpirole (4 zeg/ul, 0.5 wl per site). Right panel, Total number of
(Q-induced scratching bouts within 30 min after injection of saline, SKF38393, or quinpirole (n=7-8 mice in each group, one-way ANOVA, SKF38393 p =0.64, quinpirole p=0.02). J,
Traveling distance in the open field test of the three groups. Left panel, Traveling distance of mice every 5 min. Right panel, Total traveling distance of mice in three groups (n = 6-8 mice in
each group, one-way ANOVA, SKF38393 p = 0.85, quinpirole p > 0.99). K, Effects of dopamine receptor agonists on sticker-induced scratching behavior. Left panel, Number of sticker-induced
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(Fig. 1H,I). The scratching behavior induced by the adhesive
sticker after blocking D2R in the NAc LaSh also showed no dif-
ference between the two groups of mice (Fig. 1K). We next
examined the effect of D2R activation in the NAc LaSh on itch-
induced scratching behavior. We found that activation of D2R in
the NAc LaSh by bilateral local injection of the D2R-specific ago-
nist quinpirole attenuated the scratching behavior induced by
pruritogens (Fig. 1L). Moreover, the same dosage of quinpirole
did not affect the moving distance in the open field test (Fig. 1M)
but significantly reduced the sticker-induced scratching behavior
(Fig. 1N). These results indicate that activation of D2R is suffi-
cient to stop scratching behavior, consistent with previous stud-
ies showing that activation of D2R causes a reduction in motor
behavior (Mogenson and Wu, 1991; Wu et al,, 1993). Taken to-
gether, our results suggest that the activation of the dopaminer-
gic signaling pathway through DIR in the NAc LaSh is necessary
for itch processing, while scratching behavior is inhibited by the
activation of D2R in the NAc LaSh.

D1R and D2R in the NAc MeSh play a negligible role in itch
signal processing

Next, we investigated the role of dopamine receptors in the NAc
MeSh in itch processing with a pharmacological approach. To
determine the role of DIR in the NAc MeSh during itch signal
processing, we bilaterally implanted cannulas into the NAc
MeSh (Fig. 2A,L) and blocked DIR by local injection of
SCH23390 (Fig. 2B). We found that blocking DIR in the NAc
MeSh did not affect the scratching behavior induced by CQ (Fig.
2C,D). Moreover, blocking D1R in the NAc MeSh did not influ-
ence the scratching behavior induced by ET-1 (Fig. 2E). As a
control, we examined the influence on locomotion in the open
field test by blocking D1R in the NAc MeSh. There was no signif-
icant difference in the total traveling distance between mice
injected with saline and those injected with SCH23390, suggest-
ing that the blockade of DIR in the NAc MeSh did not affect
locomotion (Fig. 2F,G). Furthermore, we examined the effect on
adhesive sticker-induced scratching behavior after blocking D1R
in the NAc MeSh. As expected, we found that blockade of D1IR
in the NAc MeSh did not influence sticker-induced scratching
behavior (Fig. 2H). These results indicate that blockade of DIR
in the NAc MeSh did not affect the motor ability of mice. Next,
we asked whether activation of DIR in the NAc MeSh would
affect pruritogen-induced scratching behavior. We activated
D1R in the NAc MeSh via local injection of SKF38393. We found
that activation of DIR in the NAc MeSh did not affect scratching
behavior induced by CQ (Fig. 2I). In addition, activation of DIR
in the NAc MeSh did not significantly affect the moving distance
in the open field test (Fig. 2]) or the sticker-evoked scratching
behavior (Fig. 2K). These results indicate that D1R in the NAc
MeSh were not involved in itch information processing.

In addition, we investigated the functional role of D2R in the
NAc MeSh in itch processing. We found that blocking D2R in
the NAc MeSh by bilateral local injection of raclopride did not
affect the scratching behavior induced by pruritogens (Fig. 2C-

«—

scratching bouts every 5 min after injection of saline, SKF38393 (8 g/, 0.5 wl per site), or
quinpirole (4 eg/ul, 0.5 wl per site). Right panel, Total number of sticker-induced scratching
bouts within 30 min after injection of saline, SKF38393, or quinpirole (n =8 mice per group,
one-way ANOVA, SKF38393 p=0.53, quinpirole p << 0.001). L, The locations of the tips of
injection tubes in mice. Each red circle represents an injection tube (n =24 mice). All error
bars represent SEM; *p << 0.05, ***p << 0.001.
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E). Furthermore, the blockade of D2R in the NAc MeSh did not
affect the traveling distance in the open field test (Fig. 2F,G) or
the scratching behavior induced by adhesive stickers (Fig. 2H).
We further examined whether the activation of D2R in the
NAc MeSh could influence scratching behavior. Consistently,
we found that activation of D2R in the NAc MeSh by local
injection of quinpirole significantly attenuated the scratching
behavior induced by both pruritogens and the sticker (Fig.
21,K). However, the same dosage of quinpirole did not sig-
nificantly affect locomotion (Fig. 2]). These results indicate
that activation of D2R in the NAc MeSh is sufficient to stop
scratching behavior.

Thus, our results suggest that DIR and D2R in the MeSh
of the NAc play a negligible role in initiating itch-associated
scratching behavior, but activation of D2R in the MeSh of
the NAc terminates itch-associated scratching behavior.

Dynamics of dopamine release in the NAc LaSh during itch-
induced scratching behavior

We next examined the dynamics of dopamine release in the NAc
LaSh during itch-induced scratching behavior by employing a
G-protein-coupled receptor-activation-based (GRAB) dopamine
sensor (DA2h; Sun et al., 2020), which can detect the changes in
concentration of dopamine. We first examined the dopamine
release that could be sensed by DIR" neurons during prurito-
gen-induced scratching. To achieve this, we selectively expressed
DA2h in DIR" neurons by injecting a Cre-dependent adeno-
associated virus (AAV) encoding DA2h into the NAc LaSh in
D1-Cre mice. An optical fiber was implanted above the injected
site for subsequent measurement of the fluorescent signal of the
dopamine sensor (Fig. 3A,B,K). A magnet was implanted into
the right hindpaw of mice to record the magnetic electrical signal
induced by scratching. We injected CQ intradermally into the
rostral back of mice and recorded the dopamine signals and the
scratching behavior simultaneously two weeks after surgery
(Fig. 3C,D). We aligned the dopamine signals with the onset
of scratching behavior and found that the dopamine signals
detected by DA2h expressed in DIR" neurons in the NAc
LaSh increased after scratching onset (Fig. 3D,E,I). In con-
trast, dopamine release did not change near the scratching
offset (Fig. 3F,I). We also recorded the dopamine signal in
the NAc LaSh in the ET-1 model and found that the results
were similar to those in the CQ model, in which the dopa-
mine signal increased immediately after the onset of scratch-
ing but without robust fluctuations around the scratching
offset (Fig. 3I). These results indicate that DIR™ neurons in
the NAc LaSh received dopamine signals at the beginning of
itch-induced scratching behavior.

Next, we measured the dynamics of dopamine signals detected
by D2R" neurons in the NAc LaSh during pruritogen-induced
scratching behavior. We found that dopamine signals detected by
D2R™" neurons also increased after the onset of scratching (Fig.
3D,G,]), with no significant changes around the offset of scratch-
ing (Fig. 3H,J) in both the CQ and ET-1 models, which was similar
to the result from DI1R" neurons (Fig. 31).

Dynamics of dopamine signals in the NAc MeSh during
itch-induced scratching behavior

Given that the blockade of DIR or D2R in the NAc MeSh did
not affect pruritogen-induced scratching behavior, we wondered
what the dynamics of dopamine release in the NAc MeSh are
during itch-induced scratching behavior. We examined the
dynamics of dopamine signals detected by DIR-expressing or
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ification of the location of the optic fiber in an example NAc LaSh®'PA2"
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Dopamine release in the NAc LaSh increased during itch-induced scratching behavior. A, Schematic of virus injection and optic fiber implantation in the NAc LaSh. B, Histologic ver-
animal. The arrow indicates the outline of the optic fiber. Scale bar, 500 um. €, Schematic of simultaneous recording
of the fluorescence signals of DA2h by fiber photometry during scratching behavior. D, Left panel,

Representative DA2h fluorescence trace in NAC LaSh D1R™ neurons (top) and behavioral trace

(bottom) in response to an intradermal injection of CQ. Right panel, Representative DA2h fluorescence trace in NAc LaSh D2R™ neurons (top) and behavioral trace (bottom) in response to an
intradermal injection of CQ. Yellow shading indicates a scratching train. E, Dopamine signal detected by D1R™ neurons in the NAc LaSh at the onset of the scratching train in an example mouse
in response to intradermal injection of CQ. Left panel, Individual scratching train trace aligned to the train onset of an example mouse. Middle panel, Heatmap of the DA2h fluorescence signal
during each corresponding scratching train of an example mouse. Right panel, Average fluorescence change of all mice, with shaded area indicating SEM (n =11 mice in DA2h group, n=4
mice in eGFP group). The black bar indicates the baseline (B.s.) period (B.s., —4 to —2 s) and the scratching train onset period (Onset, 0.5-1.5 s) used to quantify the fluorescent signal. F,
Dopamine signal detected by DTR™ neurons in the NAc LaSh during scratching offset in the CQ model. Left panel, Scratching train trace of an example mouse aligned to the scratching train off-
set. Middle panel, Heatmap of the DA2h fluorescence signal during each scratching train of the same mouse. Right panel, Average DA2h fluorescence change of the whole group of mice, with
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D2R-expressing neurons in the NAc MeSh during itch-induced
scratching behavior. We expressed the Cre-dependent AAV
encoding a dopamine sensor in the NAc MeSh of D1-cre mice to
probe the dynamics of dopamine release during itch-induced
scratching behavior (Fig. 4A-D,K). By aligning the fluorescence
signal with the onset and offset of scratching behavior, we found
that in the NAc MeSh, dopamine release to DIR™ neurons did
not significantly change near the onset or the offset of scratching
behavior in different pruritic models (Fig. 4D-F,I).

We also recorded the dopamine release detected by D2R™
neurons in the NAc MeSh during itch-induced scratching behav-
ior. In both the CQ and ET-1 models, no significant change was
observed after the onset of scratching behavior (Fig. 4G,)).
Interestingly, after the offset of scratching, the dopamine signals
in the NAc MeSh significantly increased (Fig. 4H,J). Taken
together, there was no elevation of dopamine release during
the onset of scratching behavior in the NAc MeSh, but dopa-
mine release sensed by D2R™ neurons was increased at the
end of scratching behavior. These results were consistent
with the results of manipulation experiments that showed
activation of D2R decreased scratching behavior.

Dynamics of dopamine signals in the NAc LaSh under
different conditions during itch processing

The circuit information of DIR" and D2R™ neurons in dif-
ferent subregions of the NAc is interesting; however, a more
important question is the potential role of dopamine signals
in the NAc during itch processing. Dopaminergic neurons
have been implicated in both the motivational component of
itch-related scratching behavior and the reward (itch relief)
of scratching an itch (Yuan et al.,, 2018; Su et al., 2019). We
further examined the potential role of dopamine signaling in
the NAc LaSh. To this end, the timing of the pruritic inputs
needed to be precisely controlled. We achieved this goal by
optogenetically activating spinal gastrin-releasing peptide re-
ceptor (GRPR)-positive neurons, which are identified as the
key nodes of spinal itch circuits (Sun and Chen, 2007; Sun et

«—

shaded area indicating SEM (n =11 mice in DA2h group, n =4 mice in eGFP group). The black
bar indicates the scratch train offset period (Offset, 0.25-1.25 s) used to quantify the fluores-
cence. G, Dopamine signal detected by D2R™ neurons in the NAc LaSh at the onset of the
scratching train in an example mouse in response to intradermal injection of ET-1. Left panel,
Individual scratching train trace aligned to the train onset of an example mouse. Middle panel,
Heatmap of the DA2h fluorescence signal during each corresponding scratching train of an
example mouse. Right panel, Average fluorescence change of all mice, with shaded area indi-
cating SEM (n =20 mice in DA2h group, n=4 mice in eGFP group). The black bar indicates
the baseline period (B.s., —4 to —2 s) and the scratching train onset period (Onset, 0.5-1.5
s) used to quantify the fluorescent signal. H, Dopamine signal detected by D2R™ neurons in
the NAc LaSh during scratching offset in the CQ model. Left panel, Scratching train trace of an
example mouse aligned to the scratching train offset. Middle panel, Heatmap of the DA2h flu-
orescence signal during each scratching train of the same mouse. Right panel, Average DA2h
fluorescence change of the whole group of mice, with shaded area indicating SEM (n =20
mice in DA2h group, n =4 mice in eGFP group). The black bar indicates the scratching train
offset period (Offset, 0.25-1.25 s) used to quantify the fluorescence. /, Quantification of the
average DA2h fluorescence change in NAc Lash DTR™ neurons during the onset of scratching
in the CQ (left panel) and ET-1 (right panel) models (two-way ANOVA, in the CQ model,
p << 0.001 at onset, p=0.60 at offset; in the ET-1 model, p << 0.001 at onset, p =0.97 at
offset). J, Quantification of the average DA2h fluorescence change in NAc LaSh D2R™ neurons
during the onset of scratching in the CQ (left panel) and ET-1 (right panel) models (two-way
ANOVA, in CQ model, p << 0.001 at onset, p=0.12 at offset; in ET-1 model, p = 0.04 at onset,
p=0.28 at offset). All error bars represent SEM; *p << 0.05, ***p << 0.001. K, The locations
of the tips of optic fibers in recorded mice. Each red circle represents an individual animal
(D1-Cre n= 11 mice, D2-Cre n = 20 mice).
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al., 2009; Chen, 2021). Optogenetic activation of cervical spi-
nal GRPR' neurons induced laser frequency-dependent
scratching behavior (Fig. 5A-F), indicating that optogenetic
manipulation of spinal GRPR" neurons successfully induced
the itch sensation, consistent with recent studies (Liu et al.,
2019; Chen et al., 2022). Next, we wondered how to separate
the itch sensation and itch relief. Because it is difficult to
completely block scratching behavior, activation of cervical
spinal GRPR™ neurons is not a suitable model. When a pru-
ritic stimulus is applied to an area that cannot be scratched,
mice bite to relieve the itch sensation (Gotoh et al., 2011;
Wang et al., 2022). To better dissociate itch sensation and
itch relief during itch-induced relieving behavior, we chose
to activate lumbar spinal GRPR " neurons to characterize the
itch-induced behavior that was videotaped and analyzed
manually (Fig. 5G-I), as the pruritic stimulus-evoked biting
behavior could be totally blocked by wearing collars (Fig. 5]).
In this experiment, the animal exhibited body turning and
biting behaviors in response to optogenetic activation of spi-
nal GRPR™ neurons. At low stimulation frequencies, not all
trials induced turning and biting behaviors. We thus ana-
lyzed the induction probability of turning or biting behavior
in response to lumbar spinal GRPR" neuron activation. We
found that at a frequency of 5Hz, over 50% of stimulation
trials evoked turning behavior, but very few trials success-
fully evoked biting behavior. At a frequency of 10 Hz, nearly
all trials evoked turning behavior, but less than half of the tri-
als evoked biting behavior. At a frequency of 20 Hz, almost
every trial successfully induced biting behavior (Fig. 5I).

Given that DIR in the NAc LaSh is critical for itch-evoked
scratching behavior, we recorded dopamine signals by expressing
the DA sensor in DIR™ neurons of the NAc LaSh while activat-
ing lumbar spinal GRPR " neurons. Our intention with this was
to characterize the dynamics of dopamine release detected by
DIR" neurons during the whole precisely controlled itch and
itch-relieving cycle. To achieve this, we crossed the GRPR-Flpo
mouse line with the DI-Cre mouse line to obtain a DI-Cre/
GRPR-Flpo double transgenic mouse line. We labeled spinal
GRPR" neurons with channelrhodopsin-2 (ChR2) by injecting
Flpo-dependent AAV encoding ChR2 into the lumbar spinal
cord of DI-Cre/GRPR-Flpo mice and implanted a blue LED
above the injected sites to activate GRPR™ neurons in the spinal
cord (Fig. 6A,B). The Cre-dependent AAV encoding a dopamine
sensor was injected into the NAc LaSh of the same animal, fol-
lowed by implantation of the optic fiber above the injection site
to record the fluorescence, which represents the dopamine signal
detected by DIR™ neurons (Fig. 6A,B,P).

We aligned the dopamine signals with the onset of opto-
itch stimuli. We found that the dopamine signal immediately
increased after the onset of GRPR" neuron activation and
persisted at a high level throughout the stimulation period
(Fig. 6C-E). We also aligned the dopamine signals to the
onset of turning and the onset of biting behavior. Dopamine
signals increased after the onset of turning but before the
onset of biting (Fig. 6F). To further examine the potential
role of dopamine signals during itch processing, we used col-
lars to temporally separate itch sensation and itch relief
as mentioned earlier. We used collars of two different sizes
(Fig. 6G,K). The mice wearing the small collar could bite as
usual, but the mice wearing the normal collar could not bite
to relieve the itch sensation. We found that at the onset of
spinal GRPR " neuron activation, dopamine signals increased
with a comparable scale in both groups of mice wearing
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Figure 4.  Diverse dynamics of dopamine release in the NAc MeSh during itch-induced scratching behavior. A, Schematic of virus injection and optic fiber implantation in the NAc MeSh. B,
Histologic verification of the location of the optic fiber in an example NAc MeSh®™®**" animal. The arrow indicates the outline of the optic fiber. Scale bar, 500 um. €, Schematic of simultane-
ous recording of the fluorescence signals of DA2h by fiber photometry during scratching behavior. D, Left panel, Representative DA2h fluorescence trace in NAc MeSh D1R™ neurons (top) and
behavioral trace (bottom) in response to an intradermal injection of CQ. Right panel, Representative DA2h fluorescence trace in NAc MeSh D2R™* neurons (top) and behavioral trace (bottom) in
response to an intradermal injection of CQ. Yellow shading indicates a scratching train. E, Dopamine signal detected by DTR™ neurons in the NAc MeSh at the onset of the scratching train in
an example mouse. Left panel, Individual scratching train trace aligned with the train onset of an example mouse. Middle panel, DA2h fluorescence signal during each corresponding scratching
train of an example mouse. Right panel, Average fluorescence change of all mice, with shaded area indicating SEM (n =6 mice in DA2h group, n =4 mice in eGFP group). The black bar indi-
cates the baseline period (B.s., —4 to —2 s) and the scratching train onset period (Onset, 0.5-1.5 s) used to quantify the fluorescent signal. F, Dopamine signal detected by DTR™ neurons in
the NAc MeSh during scratching offset in the CQ model. Left panel, Scratching train trace of an example mouse aligned to the scratching train offset. Middle panel, Heatmap of the DA2h fluo-
rescence signal during each scratching train of the same mouse. Right panel, Average DA2h fluorescence change of the whole group of mice, with shaded area indicating SEM (n =6 mice in
DA2h group, n =4 mice in eGFP group). The black bar indicates the scratching train offset period (Offset, 0.25-1.25 s) used to quantify the fluorescence. G, Dopamine signal detected by D2R ™
neurons in the NAc MeSh at the onset of the scratching train in an example mouse. Left panel, Individual scratching train trace aligned to the train onset of an example mouse. Middle panel,
DA2h fluorescence signal during each corresponding scratching train of an example mouse. Right panel, Average fluorescence change of all mice, with shaded area indicating SEM (n =6 mice
in DA2h group, n =4 mice in eGFP group). The black bar indicates the baseline period (B.s., —4 to —2 s) and the scratching train onset period (Onset, 0.5-1.5 s) used to quantify the fluores-
cent signal. H, Dopamine signal detected by D2R™ neurons in the NAc MeSh during scratching offset in the CQ model. Left panel, Scratching train trace of an example mouse aligned to the
scratching train offset. Middle panel, Heatmap of the DA2h fluorescence signal during each scratching train of the same mouse. Right panel, Average DA2h fluorescence change of the whole
group of mice, with shaded area indicating SEM (n = 6 mice in DA2h group, n =4 mice in eGFP group). The black bar indicates the scratching train offset period (Offset, 0.25-1.25 s) used to
quantify the fluorescence. /, Quantification of the average DA2h fluorescence change in NAc MeSh D1R™ neurons during the onset of scratching in the CQ (left panel) and ET-1 (right panel)
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Figure 5.  Optostimulation of cervical or lumbar spinal GRPR™ neurons induced scratching or turning and biting behavior.
A, Schematic of virus injection in the cervical spinal cord. B, Histologic verification of the expression of the virus encoding
ChR2-mCherry in the cervical spinal cord. Scale bar, 200 um. C, Scratching behavior induced by activation of cervical spinal
GRPR™ neurons. D, The probability of successful induction of scratching behavior by different intensities of optogenetic activation
of cervical GRPR™ neurons (7= 10 mice). £, Optogenetic stimulation of cervical spinal GRPR™™ neurons induced intensity-de-
pendent scratching behavior. F, Optogenetic stimulation of cervical spinal GRPR™™™ neurons failed to evoke scratching behav-
ior. G, Histologic verification of the expression of the virus encoding ChR2-mCherry in the lumbar spinal cord. Scale bar, 200 cm.
H, Biting behavior induced by activation of lumbar spinal GRPR™ neurons. /, The probability of turning or biting behavior
induced by different intensities of optogenetic activation of lumbar spinal GRPR™ neurons (n = 13 mice). J, Probability of mice
turning and biting while wearing collars of different sizes (two-way ANOVA, p << 0.001); ***p << 0.001.
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processing. We demonstrated that activa-
tion of D1R in the NAc LaSh is important
for itch signal processing. Our results sug-
gest that dopamine signals in the NAc
LaSh are involved in the motivational
drive for itch-induced behaviors.

We showed that activation of DIR in
the NAc LaSh is necessary for pruritogen-
induced scratching behavior. This is dem-
onstrated by the results that blockade of
DIR in the NAc LaSh attenuated scratch-
ing behavior induced by different prurito-
gens (Fig. 1). The effect of blocking D1R is
not because of motor impairment, as
the moving distance in the open field
test and sticker-induced scratching were
not affected by the same manipulation.
Our results are supported by previous
studies showing that systemic inhibition
of DIR in squirrel monkeys and rats
decreased scratching behavior induced
by pruritogens (Rosenzweig-Lipson et
al., 1994). It is interesting that the
scratching behavior evoked by chemical
and mechanical stimuli was differen-
tially affected by DIR blockade. Given
the important role of DIR in motivation
(Bromberg-Martin et al., 2010), it is
likely that mechanical stimulation pro-
duces less motivational drive to scratch.
Thus, the blockade of D1R did not affect
sticker-induced scratching behavior. Fur-
thermore, our behavioral results demon-
strated that the involvement of DIR in
itch processing exhibited subregion speci-
ficity. This is supported by the results that
blockade of DIR in the NAc MeSh did
not affect itch-induced scratching behav-

normal or small collars (Fig. 6G-N). We analyzed the dopamine
signal during the early phase and the late phase of stimulation.
The results showed that dopamine signals from mice wearing
small collars and normal collars were similar at the early phase.
Interestingly, in the late phase of GRPR" neuron activation, the
dopamine signal was maintained at a high level in mice wearing
small collars but returned to baseline in mice wearing normal
collars (Fig. 60). These results support the idea that the early
phase release of dopamine that targets D1R in the NAc LaSh rep-
resents the driving force of itch-relieving behaviors.

Discussion
In this study, we determined distinct roles of different dopa-
mine receptor subtypes in the NAc shell during itch signal

«—

models (two-way ANOVA, in the CQ model, p = 0.09 at onset, p = 0.99 at offset; in the ET-1
model, p=0.48 at onset, p=0.86 at offset). J, Quantification of the average DA2h fluores-
cence change in NAc MeSh D2R™ neurons during the onset of scratching in the CQ (left
panel) and ET-1 (right panel) models (two-way ANOVA, in (Q model, p=0.56 at onset,
p=0.003 at offset; in ET-1 model, p = 0.06 at onset, p = 0.004 at offset). All error bars rep-
resent SEM. K, The locations of the tips of optic fibers in recorded mice. Each red circle repre-
sents an individual animal (D1-Cre n = 6 mice, D2-Cre n = 6 mice); **p < 0.01.

ior, and that the release of dopamine was

elevated in the NAc LaSh but not MeSh
during scratching behavior (Figs. 3, 4). We also noticed that
locomotion was slightly affected in mice injected with
SCH23390 in the NAc MeSh (Fig. 2G). However, the total
moving distance showed no significant difference between
groups, indicating that the influence of motor ability during
the whole session was limited. Furthermore, even if the
motor ability was mildly affected by SCH23390 injection in
NAc MeSh, the same dosage of SCH23390 did not affect the
scratching behavior induced by pruritogens. These results
are consistent with our conclusion that the NAc MeSh plays
a negligible role in itch processing. This subregion specific-
ity of the NAc in itch processing is also consistent with pre-
vious observations that NAc subregions are differentially
involved in motivational behavior (Aragona et al., 2008;
Berridge and Kringelbach, 2015).

In contrast to the blockade of DIR, the blockade of D2R in
the NAc shell has no significant effect on scratching behavior
during itch. However, the activation of D2R in the NAc shell
decreased scratching behavior induced by both pruritic and non-
pruritic stimuli, which is consistent with the traditional hypothe-
sis that D2R" neurons encode the stop signal (Ralph and Caine,
2005; Kravitz et al., 2010; Kai et al., 2015). It is known that the
D2R agonist quinpirole also acts on dopamine terminals and
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Figure 6.  Dopamine release to DTR™ neurons in the NAc Lash did not represent the reward signal accompanied by itch relief. A, Schematic of virus injection in the lumbar spinal cord (left
panel) and virus injection and optic fiber implantation in the NAc LaSh (right panel). B, Left panel, Histologic verification of virus expression in the lumbar spinal cord (red: ChR2, blue: DAPI;
scale bar, 200 wm). Right panel, Virus expression and optic fiber location in the NAc LaSh. The arrow indicates the outline of the fiber (green: DA2h; scale bar, 500 m). C~E, Dopamine signals
near DIR™ neurons in the NAc LaSh during activation of lumbar spinal GRPR™* neurons at 5 Hz (€), 10 Hz (D), and 20 Hz (E) optogenetic stimulation in an example mouse. Top panel, Average
DA2h dopamine fluorescence signal during each trial of spinal GRPR™ neuron activation, with the shaded area indicating the SEM. Bottom panel, Heatmap of each trial. F, Top panel, Average
dopamine signal at different intensities aligned to the onset of response behavior (turning), with the shaded area indicating SEM. Bottom panel, Average dopamine signal at different intensities
aligned to the onset of itch relief (biting), with the shaded area indicating SEM (n =7 mice in the GRPRMR2 group, n=>5 mice in the GRPR™Cher group). G, Diagram of a mouse wearing a
small collar during fiber photometry recording. Collar could not block biting or turning behaviors. H, Left panel, Average DA2h fluorescence change of an example mouse wearing a small collar
during lumbar spinal GRPR™ neuron activation at 20 Hz, with the shaded area indicating SEM. Right panel, Each trial of the example mouse wearing a small collar during spinal GRPR™ neuron
activation at 20 Hz. I, Average dopamine fluorescence change of mice wearing small collars, with shaded area indicating SEM (n=7 mice). The green bar indicates the baseline period (B.s.,
—11005), and the orange bar indicates the scratch train onset period (Onset, 0.25-0.75 s) that was used to quantify the fluorescent signal. J, Quantification of the dopamine fluorescence sig-
nal in mice wearing small collars (Wilcoxon test, p = 0.03). K, Diagram of a mouse wearing a normal collar during fiber photometry recording. L, Left panel, Average DA2h fluorescence change
of an example mouse wearing a normal collar during lumbar spinal GRPR™ neuron activation at 20 Hz, with the shaded area indicating SEM. Right panel, Each trial of the example mouse
wearing a normal collar during spinal GRPR™ neuron activation at 20 Hz. M, Average dopamine fluorescence change of mice wearing normal collars, with shaded area indicating SEM (n=7
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0.25-0.75 s) that was used to quantify the fluorescent signal. N, Quantification of dopamine fluorescence signals in mice wearing normal collars (Wilcoxon test, p=0.02). 0, Quantification of
dopamine fluorescence signals in the early (0.25-0.75 s) and late (1.25-1.75 s) phases during activation of GRPR™ neurons of mice wearing small collars and normal collars (two-way ANOVA;
B.s., p > 0.999; First, p=10.12; Last, p=0.02). P, The locations of the tips of optic fibers in the recorded mice. Each red circle represents an individual animal (n =7 mice). All error bars repre-

sent SEM; *p < 0.05.
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causes a reduction in dopamine release (O’Neill et al., 2009).
Therefore, we cannot exclude the possibility that quinpirole
injection in the NAc LaSh decreased local dopamine release
in the NAc, and DIR could not receive enough dopamine
signals to initiate scratching behavior. Our results are con-
sistent with those in rats that activation of D2R nearly abol-
ished pruritogen-induced scratching behavior (Akimoto and
Furuse, 2011). However, our data are inconsistent with stud-
ies showing that the systemic activation of D2R induced
scratching behavior in squirrel monkeys (Pellon et al., 1995).
Together, our results demonstrate that the two different do-
pamine receptor subtypes in the NAc shell are differentially
involved in itch processing.

By recording dopamine release with a dopamine sensor,
we found that dopamine signals received by the NAc LaSh
and MeSh are different in the temporal dimension. DIR™
and D2R" neurons are intermingled in the NAc and tightly
packed together. Given the traditional theory about the vol-
ume transmission nature of dopamine, it is reasonable to
believe that DIR" and D2R " neurons receive dopamine signals
with similar temporal properties. It is thus surprising to
observe the difference in dopamine signals received by
DIR" and D2R™ neurons in the NAc MeSh at the offset of
scratching behavior. This suggests that there is localized
dopamine signal transmission in the NAc, although the
mechanism needs further investigation. In the NAc LaSh,
dopamine release was detected in both DIR™ and D2R™
neurons at the onset of scratching (Fig. 3). A previous study
using fiber photometry observed that when animals initiate
actions, neural activity transiently increases in both DIR™ and
D2R™ neurons (Cui et al., 2013). Manipulation of DIR" and
D2R™ neurons oppositely altered licking behavior during
drinking (Z. Chen et al., 2021). These results suggest that these
two neuronal subtypes could be involved in the same behavior
but play different roles. Dopamine could activate both D1R
and D2R during itch processing. We speculate that simulta-
neous activation of D1R and D2R in the NAc LaSh could
coordinate to initiate itch-relieving behavior. Activation of
DI1R by dopamine might signal the motivational component
of scratching, while activation of D2R might assist in sup-
pressing other movements. In contrast, in the NAc MeSh,
there was no significant dopamine release at the onset of
scratching, and D2R" neurons in the NAc MeSh receive do-
pamine signals only at the offset of scratching behavior. A
recent study found that the activity of VTA dopaminergic
neurons increased ~5 s after the onset of scratching (Su et
al., 2019). This likely corresponds to the release of dopamine
detected in D2R" neurons of the NAc MeSh at the offset of
scratching. Moreover, we noted that there was a dopamine dip
before increase at the onset of scratching behavior. This dip
may be because of the inhibition of VTA GABA neurons,
which were activated at the beginning of itch-induced scratch-
ing (Su et al., 2019).

Dopaminergic neurons in the VTA have been implicated in
both motivational and reward components of itch. We precisely
controlled the pruritic input by an optogenetic approach. Our
study showed that dopamine signals in the NAc LaSh increased
before itch-relieving biting behavior, suggesting that dopamine
signals in the NAc LaSh might represent motivational signals.
This is demonstrated by the data that the dopamine signaling
was elevated at the onset of the optogenetic-activation of spinal
GRPR™ neurons in mice wearing collars of different sizes. A
normal-sized collar could block biting to relieve itch, while
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mice wearing a small collar could freely bite. Although the
itch sensation persisted throughout the activation of GRPR™
neurons, biting can still efficiently relieve itch by causing pain
(Han and Dong, 2014). Previous observations that inhibiting
the activity of dopaminergic neurons in the VTA at the onset
of scratching trains could interrupt scratching (Yuan et al,
2018) also support the hypothesis that dopamine signaling
might play a role in driving itch-relieving behavior. Our
results differ from a recent study in which a collar was used to
block scratching behavior during chronic itch and prevented
the elevation of dopamine levels in the NAc after pruritogen
application (Setsu et al., 2021). However, that study did not
distinguish different NAc subregions and measured dopa-
mine signals by microdialysis, which has poor temporal
resolution. In addition, we noticed that the dopamine signal
differed in response to the activation of spinal GRPR"
neurons in mice wearing small or normal-sized collars.
Sustained dopamine release was detected in the NAc LaSh
in mice that could relieve itch by biting, while only tran-
sient dopamine release was observed in the NAc LaSh in
mice without itch relief. Thus, it remains possible that the
dopamine signal in the NAc also represents reward associ-
ated with itch relief in late phase. It has been highlighted
that dopaminergic neurons respond to both rewarding and
aversive stimuli and that salient stimuli in particular can
engage the release of dopamine into the NAc (Kutlu et al,,
2021). However, the NAc MeSh rather than the NAc LaSh
showed a more significant response to aversive stimulation
(de Jong et al., 2019). Nevertheless, the dopamine release in
the NAc LaSh at the onset of itch stimulation likely repre-
sents the motivational component. Although we cannot
exclude the possibility that activation of spinal GRPR™ neu-
rons could elicit other sensations, it is conceivable that pru-
ritic input should be dominant during optogenetic activation
of spinal GRPR™ neurons (Liu et al., 2019; Chen et al., 2022).
Thus, the evidence provided in this study together with pre-
vious studies suggests that dopaminergic signals have a role
in both the motivation and reward components of itch.

In summary, we found that the D1R and D2R dopamine
receptor subtypes play distinct roles in itch, with the D1R
expressed in NAc LaSh being critical for itch-evoked scratch-
ing behavior. The dopamine signals in the NAc LaSh likely
encode the motivational drive for scratching behavior, and
D2R activation in the NAc MeSh represents the termination
of scratching behavior. Thus, our study reveals the different
roles of DIR and D2R in the NAc in itch signal processing.
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