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Descending dopaminergic pathway facilitates
itch signal processing via activating spinal

GRPR™ neurons
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Meixuan Zhu?, Yuan-Yuan Fu?, Juan Wang? & Yong-Jing Gao™"

Abstract

A1l dopaminergic neurons regulate somatosensory transduction
by projecting from the diencephalon to the spinal cord, but the
function of this descending projection in itch remained elusive.
Here, we report that dopaminergic projection neurons from the
A11 nucleus to the spinal dorsal horn (dopaminergic*="") are
activated by pruritogens. Inhibition of these neurons alleviates
itch-induced scratching behaviors. Furthermore, chemogenetic
inhibition of spinal dopamine receptor D1-expressing (DRD1%) neu-
rons decreases acute or chronic itch-induced scratching. Mechanis-
tically, spinal DRD1* neurons are excitatory and mostly co-localize
with gastrin-releasing peptide (GRP), an endogenous neuropeptide
for itch. In addition, DRD1* neurons form synapses with GRP
receptor-expressing (GRPR™) neurons and activate these neurons
via AMPA receptor (AMPAR). Finally, spontaneous itch and
enhanced acute itch induced by activating spinal DRD1" neurons
are relieved by antagonists against AMPAR and GRPR. Thus, the
descending dopaminergic pathway facilitates spinal itch transmis-
sion via activating DRD1* neurons and releasing glutamate and
GRP, which directly augments GRPR signaling. Interruption of this
descending pathway may be used to treat chronic itch.
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Introduction

Itch is a unique and conserved sensation across mammalian species
that arouses a desire to scratch. However, chronic itch often results
in serious skin damage and dramatic loss in the quality of life (Dong

& Dong, 2018; Mack & Kim, 2018). The spinal dorsal horn (SDH) is
an important area in relaying itch information from peripheral tissue
to supraspinal areas (Ikoma et al, 2006; Koch et al, 2018). In addi-
tion, local neural circuits in the SDH play a pivotal role in transmit-
ting and gating chemical and mechanical itch (Dong & Dong, 2018;
Duan et al, 2018). Particularly, spinally restricted ablation of
gastrin-releasing peptide-expressing (GRP*) or GRP receptor-
expressing (GRPR*) neurons reduces itch-related behaviors to differ-
ent pruritogens, while their chemogenetic excitation elicits itch-like
behaviors and facilitates responses to several pruritogens (Sun &
Chen, 2007; Sun et al, 2009; Albisetti et al, 2019; Pagani
et al, 2019). Furthermore, GRPR* neurons are activated by natri-
uretic peptide receptor A-expressing (NPRA*) neurons, NPRC* neu-
rons, and neuromedin B receptor-expressing (NMBR™) neurons to
mediate chemical itch (Mishra & Hoon, 2013; Zhao et al, 2014b;
Meng et al, 2021). Meanwhile, spinal inhibitory neurons expressing
galanin or dynorphin directly inhibit GRPR* neurons to alleviate
chemical itch (Kardon et al, 2014; Huang et al, 2018), indicating that
GRPR* neurons serve as a cardinal hub for itch processing in
the SDH.

Spinal itch transmission is also modulated by the descending
pathways from supraspinal areas, such as primary somatosensory
cortex, periaqueductal gray (PAG), rostral ventromedial medulla
(RVM), and locus coeruleus (LC; Liu et al, 2009; Zhao et al, 2014a;
Gao et al, 2019; Koga et al, 2020; Wu et al, 2021). Among them,
serotonergic neurons in the RVM stimulate spinal GRPR™ neurons
and facilitate itch processing via co-activating 5-HT1A and GRPR
(Zhao et al, 2014a). RVM neurons also form inhibitory synapses
with spinal GRPR" neurons to suppress itch transmission (Liu
et al, 2019a). Dopamine, as one of the monoamine transmitters, is
widely distributed in the brain reward system (Hu, 2016; Luo &
Huang, 2016; Carta et al, 2019), which also plays a role in suprasp-
inal modulation of itch. For example, dopaminergic neurons in the
ventral tegmental area (VTA) mediate reward for scratch-induced
relief of itch (Su et al, 2019). In addition, VTA dopaminergic
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neurons projecting to the nucleus accumbens modulate itch proces-
sing in the brain (Yuan et al, 2018; Liang et al, 2022). In the dien-
cephalon Al1l, dopaminergic neurons project to the spinal cord and
provide the primary source of spinal dopamine (Qu et al, 2006;
Koblinger et al, 2014; Ozawa et al, 2017), whether and how this
descending dopaminergic pathway contributes to itch remains
largely unknown.

In the present study, we found that projection neurons from
the A11 to the SDH (dopaminergic®''SP") were activated by prurito-
gens. Dopaminergic®!'S°" neurons facilitate spinal itch processing
via dopamine D1 receptor (DRD1). In addition, a majority of DRD1*
neurons express GRP and form a monosynaptic excitatory connec-
tion with GRPR™ neurons. Thus, we demonstrated that
dopaminergic®!'SP" neurons contribute to the facilitation of spinal
itch transmission via a neuronal pathway formed by DRD1" neurons
and GRPR™ neurons.

Results

Dopaminergic®* ™ neurons facilitate compound 48/80 (C48/
80)- or chloroquine (CQ)-induced itch

First, we examined the spatial distribution of A1l dopaminergic
neurons projecting to the cervical SDH. FluoroGold (FG) retrograde
tracer was injected into the SDH between C4 and C6 (Appendix
Fig S1A). The brain sections containing the A11 were stained with
TH (tyrosine hydroxylase, a marker for dopaminergic neurons) anti-
bodies. It showed that FG* neurons were bilaterally distributed and
preferred to the ipsilateral side of the A11. In addition, FG*TH* neu-
rons were distributed between Bregma —2.3 and —2.9 mm, with the
peak at Bregma —2.54 mm (Appendix Fig S1B-D).

We then used the Cre/Loxp and Flpo/FRT strategies to label
dopaminergic®!'°" neurons and examine the correlation between
GCaMP6s fluorescent signals and scratching trains (Fig 1A). First,
the retrograde and Cre-dependent AAV (AAV-retro-DIO-Flpo) was
injected into cervical SDH of TH-cre mice to cause Flpo expression
in brain TH* neurons. One week later, the Flpo-dependent AAV
(AAV-fDIO-GCaMP6s or EYFP) was injected into the All to cause
GCaMP6s or EYFP expression in Flpo* neurons. About 95% of
GCaMP6s* neurons were co-localized with TH, and 70% of TH*
neurons were co-localized with GCaMP6s in the A1l (Fig 1B). Fur-
thermore, GCaMP6s fluorescent signals were elevated during
scratching induced by intra-nape injection of C48/80 (Fig 1C-E) or
CQ (Fig 1F-H). To test whether these signals are induced by
mechanical nociception elicited by scratching, we used Elizabethan
collar to protect mice from scratching the nape skin (Fig EV1A). We
found that GCaMP6s fluorescent signals were still elevated when
the mice attempted to scratch (Fig EV1B-G). In contrast, the move-
ment of removing sticky tape from the ear of naive mice did not
increase GCaMP6s fluorescent signals (Fig EV1IH-K). These data
suggested that dopaminergic®''SP" neurons were activated by
acute itch.

To investigate the role of A1l dopaminergic neurons in itch
processing, 6-hydroxydopamine (6-OHDA, the neurotoxin to dopa-
minergic neurons; Kim et al, 2011) was bilaterally injected into the
Al1, which caused a large loss of dopaminergic neurons 14 days
after injection (Fig EV2A-C). Accordingly, C48/80- and CQ-induced
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scratches were decreased (Fig EV2D), with the motor function
intact (Fig EV2E and F), indicating the involvement of A11 dopami-
nergic neurons in acute itch. We further tested the role of
dopaminergic®!''" neurons in itch by chemogenetic manipulations
(Fig 1I). After the AAV-retro-DIO-Flpo and AAV-fDIO-mCherry
(mCherry) were, respectively, injected into the SDH and the A11 of
TH-Cre mice (Appendix Fig S2A), mCherry* neurons were spatially
restricted in the A11 (Appendix Fig S2B and C), and the axonal ter-
minals of mCherry-labeled dopaminergic®''S°™ neurons were
shown in the bilateral dorsal horn and ventral horn (Appendix
Fig S2D). After the AAV-retro-DIO-Flpo and AAV-fDIO-hM4Di-
mCherry (hM4Di) or AAV-fDIO-hM3Dg-mCherry (hM3Dq) were
injected (Fig 11), perfusion of clozapine-N-oxide (CNO) decreased or
increased the excitability of dopaminergic®'!">P" neurons expressing
hM4Di or hM3Dq, respectively (Appendix Fig S2E-G). Furthermore,
intraperitoneal (i.p.) injection of CNO decreased itchy scratching
induced by C48/80 or CQ in the hM4Di group (Fig 1J), and
increased scratching in the hM3Dq group (Fig 1K). However,
neither chemogenetic activation nor optogenetic activation of
dopaminergic®''®™ neurons induced spontaneous scratching
behaviors (Fig EV3A-E). In addition, chemogenetic activation or
inhibition of dopaminergic*!'*"™ neurons did not affect mechanical
itch induced by light punctate stimuli (0.008, 0.04, and 0.07 g),
mechanical threshold for von Frey filament test, thermal response
latencies for Hargreaves test and hot/cold plate test, or motor func-
tion for Rota-rod and open-field test (Fig EV3F-L). These results
suggest that dopaminergic®'"P" neurons facilitate acute itch
processing.

We then examined c-Fos expression in the spinal cord after
chemogenetic manipulation of dopaminergic®''S°" neurons. Intra-
dermal injection of C48/80 or CQ combining i.p. injection of
saline markedly increased c-Fos expression in the SDH of TH-cre
mice injected with Cre-dependent AAVs expressing mCherry,
hM4Di, or hM3Dq in the A1l (Appendix Fig S3A-F). In contrast,
after i.p. injection of CNO, the increased c-Fos expression by
C48/80 or CQ was reduced in the hM4Di group but was further
increased in the hM3Dq group (Appendix Fig S3G-J), confirming
that dopaminergic®''SP" neurons regulate acute itch at the spinal
cord level.
DopaminergicA**-SPH
(DCP)-induced itch

neurons facilitate diphenylcyclopropenone

Topically applying DCP to the nape skin caused persistent scratching
behaviors (Appendix Fig S4A and B). The fiber photometry recording
showed that GCaMP6s fluorescent signals in dopaminergic®!!'SP™
neurons were increased by DCP-induced itch (Fig 2A-D). Further-
more, DCP-induced itch was attenuated after bilateral All
dopaminergic neuron ablation by 6-OHDA (Appendix Fig S4C).
In addition, chemogenetic inhibition of dopaminergic?!!*SPH
neurons expressing hM4Di decreased DCP-induced scratching
behaviors (Fig 2E and F), and chemogenetic activation of these neu-
rons expressing hM3Dq enhanced scratching behaviors (Fig 2E and
G). Moreover, inhibition or activation of dopaminergic’“l'SDH
neurons, respectively, decreased or increased spinal c-Fos* neurons
induced by DCP (Appendix Fig S4D-G). These results indicate that
dopaminergic®!'°" neurons also play an important role in facilitat-
ing chronic itch processing in the spinal cord.

© 2023 The Authors



Zhi-Jjun Zhang et al

Amplifer & AAV-fDIO-GCaMP6s
DAQ o
PMT AAV-fDIO-EYFP

Fiter ?. [ Aav-retro-Dio-Fipo

-
A

DM Laser | 1
& o e
e AN e,
TH-Cre mice
7 days 7days 10days 30 min 60 min
——F t t |
t t t i t
1 @ 3 Fiber photometry | - pefsion and
recording TH staining
AAV AAV  Optical fiber Behavior [s= 1
implantation test
C C48/80 D E
20
== GCaMP6s ®
w95 Hoxk
* 20 *kKk
15
0
. I 10
4
o 5 -
.0 3
o 5

-5 0 5 10 15 -5 0 5 10 15

; ; € . " 'Baseline Onset
Time from scratching train onset (s)  Time from scratching train onset (s)

| AAvDIO-mCherry J
or
ARDIO-HMDI 1
or
AAV-DIO-hM3Dq | . | AAV-retro-DIO-FIpo

oeel

® TH-Cre: :hM4Di
*%
o 250 *x!

che:

200

I 1 e —
S N e -
TH-Cre mice A1
7 days 21 d‘aysI 30 min ; 30 min :

—

' y =17 I

® TH-Cre::mCherry

fa
. .

s S et 150

2 150

- *lls 100-|fedFed [

2 100 . :

o

£ 50 50 3

-

Z o 0

EMBO reports

GCaMP6s

cQ
== GCaMP6s

5 0 5 © 15 -5 0 5 10 15
Time from scratching train onset (s)  Time from scratching train onset (s)

“Baseline Onset

® TH-Cre::mCherry
® TH-Cre::hM3Dq

200 — S L

400
oo =
300
20046 4 o o
. ﬁﬂ
o

Saline

CNO

mr
.
100{pF4re 3
50
Saline

0:
Saline CNO CNO Saline CNO

ot t
AAV(1) AAV@ CNOor  C48/80

Perfusion and
Saline (i.p.) or CQ (i.d.) spinal c-Fos staining

Figure 1. Dopaminergic '-SPH

C48/80 (100 pg)

CQ (200 pg) C48/80 (100 pg) CQ (200 pg)

neurons contribute to C48/80- and CQ-induced acute itch.

A Schematic drawing shows the fiber photometry recording system (left panel), viral strategy, and the timeline of the experimental setup for GCaMP6s or EYFP

A11-SDH

expression in dopaminergic neurons (right panel).

B Representative images show the optical fiber implantation, the expression of GCaMP6s, and the staining of TH in the A11. Right panel images were taken from the
red frame in the left panel. 3 V, third ventricle; fr, fasciculus retroflexus. Scale bar, 100 pm.

Average fluorescence signals aligned to the onset of scratching trains across the GCaMP6s group (red line) and EYFP group (blue line) in C48/80 model (C).

Heatmap illustration of fluorescence changes during each corresponding scratching train in GCaMP6s group. n = 8 mice/group. Two trials for each are shown
except for one mouse where one trial was performed (D). Quantification of average fluorescence signals in GCaMP6és and EYFP groups during the baseline and
scratching train onset periods (E). ***P < 0.001. Two-way ANOVA followed by Bonferroni’s test. n = 8 mice/group.

F-H

Average fluorescence signals aligned to the onset of scratching trains across the GCaMP6s group (red line) and EYFP group (blue line) in CQ model (F). Heatmap

illustration of fluorescence changes during each corresponding scratching train in GCaMP6s group. n = 8 mice/group. Two trials for each are shown except for one
mouse where one trial was performed (G). Quantification of average fluorescence signals in GCaMP6s and EYFP groups during the baseline and scratching train
onset periods (H). ***P < 0.001. Two-way ANOVA followed by Bonferroni’s test. n = 8 mice/group.

| Chemogenetic strategy to label dopaminergic®t*-SPH

J,K

neurons (upper panel) and the timeline of the experimental setup for acute itch in TH-Cre mice (lower panel).
Effect of chemogenetic inhibition (J) or activation (K) of dopaminergic****®" neurons on scratching behaviors in response to C48/80 (left) and CQ (right) stimuli.

**p < 0.01, ***P < 0.001. Two-way ANOVA followed by Bonferroni’s test. n = 6-8 mice/group.

Data information: Bars represent mean values. Error bars indicate the SEM.
Source data are available online for this figure.

Spinal dopamine receptor D1 contributes to acute and
chronic itch

Dopamine affects intracellular signaling transduction pathways
through D1-like receptors (comprising DRD1 and DRD5) and D2-like
receptors (comprising DRD2, DRD3, and DRD4; Beaulieu & Gainet-
dinov, 2011). To examine whether spinal D1-like and/or D2-like
receptors are involved in acute itch, we intrathecally (i.t.) injected
SCH23390, a D1-like receptor antagonist (Tao et al, 2017), or
sulpiride, a D2-like receptor antagonist (Janssen et al, 2015), before
C48/80 or CQ injection. SCH23390 at the concentrations of 20 and
200 pM (10 pl) reduced the scratches induced by C48/80 or CQ.

© 2023 The Authors

However, the same dose of sulpiride did not show such effects
(Fig 3A). In addition, both SCH23390 and sulpiride individually
injected at either 20 or 200 pM did not affect the motor function
(Appendix Fig S5A and B). Furthermore, SCH23390 but not
sulpiride decreased the number of spinal c-Fos* neurons induced by
C48/80 or CQ (Appendix Fig S5C and D). Similarly, SCH23390, but
not sulpiride, reduced DCP-induced scratching behaviors (Fig 3B
and C) and decreased the number of c-Fos™ neurons in cervical SDH
of DCP-treated mice (Appendix Fig SSE and F). Interestingly, DCP
treatment for 6 days induced an increase in Drd1 mRNA level in the
spinal cord (Fig 3D). These data indicate that spinal D1-like recep-
tors are involved in itch transmission in the spinal cord.

EMBO reports  24:e56098 2023 3 of 17
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Figure 2. DopaminergicA'?SPH

A Schematic drawing shows the fiber photometry recording system in DCP model.

neurons contribute to DCP-induced chronic itch.

B-D Average fluorescence signals aligned to the onset of scratching trains across the GCaMP6s group (red line) and EYFP group (blue line) in DCP model (B). Heatmap
illustration of fluorescence change during each corresponding scratching train in GCaMP6s group. n = 8 mice/group. Two trials for each are shown except for one
mouse where one trial was performed (C). Quantification of average fluorescence signals in GCaMP6s and EYFP groups during the baseline and scratching train
onset periods (D). ***P < 0.001. Two-way ANOVA followed by Bonferroni’s test. n = 8 mice/group.

E Strategy for chemogenetic manipulation of dopaminergicAt*P"

TH-Cre mice (lower panel).
F, G Effect of chemogenetic inhibition (F) or activation (G) of dopaminergic
roni’s test. n = 8 mice/group.

Al1-SDH

Data information: Bars represent mean values. Error bars indicate the SEM.
Source data are available online for this figure.

We then asked if the D1-like receptor agonist SKF38393 was suffi-
cient to induce itch. L.t. injection of SKF38393 (200 uM) alone did not
induce scratching behaviors. However, SKF38393 enhanced scratches
induced by C48/80 or CQ at different doses (Fig 3E), suggesting that
the activation of D1-like receptors is not sufficient to induce spontane-
ous itch but enhances pruritogens-induced acute itch.

We next investigated the effect of SKF38393 on the neuronal
excitability of spinal DRD1* neurons using electrophysiological
recording (Fig 3F). Whole-cell patch-clamp recordings revealed that
SKF38393 alone did not induce the spike firing of spinal DRD1* neu-
rons, but increased the firing frequency (Fig 3G and H). In addition,
SKF38393 caused a remarkable shift to the depolarizing direction in
resting membrane potential compared with the vehicle (Fig 3I).
Other parameters such as threshold, fast AHP, maximal decaying
slope, half-width, rheobase, and slower rising rate were comparable
between SKF38393 and vehicle groups (Appendix Table S1). Fur-
thermore, we stimulated spinal terminals of dopaminergic®!''"SP"
neurons labeled with hChR2, and then recorded the firing frequency
of spinal DRD1* neurons in TH-Cre*/~;Drd1-tdTomato*’~ mice
(Fig 3J). Bursting activation of dopaminergic*''"™ neurons
induced a delayed (24.5 £+ 5.5 s, n = 8 neurons) increase in the fir-
ing frequency of spinal DRD1* neurons, but did not evoke action
potentials or change the firing pattern (Fig 3K and L). These data
suggest that dopaminergic descending pathway induces increased
neuronal excitability of spinal DRD1" neurons via DA under itch
conditions.

4 of 17 EMBO reports  24: e56098 | 2023

neurons (upper panel) and the timeline of the experimental setup for DCP-induced chronic itch in

neurons on DCP-induced scratching. *P < 0.05. Two-way ANOVA followed by Bonfer-

Spinal DRD1" neurons contribute to acute and chronic itch

We further checked if DRD1* neurons in the spinal cord are
involved in itch transmission. We used AAV-DIO-taCasp3 to specifi-
cally ablate DRD1" neurons in the cervical SDH of DrdI-Cre mice
(Fig 4A). After injection of AAV-DIO-mCherry into the SDH of Drd1-
Cre mice, mCherry™ neurons were mainly distributed in the spinal
lamina II (Appendix Fig S6A). AAV-DIO-taCasp3 injection elimi-
nated most of mCherry* neurons and reduced Drd1 mRNA level in
the SDH of Drd1-Cre mice (Appendix Fig S6B and C). The ablation
of DRD1" neurons in the SDH markedly decreased the number of
scratches evoked by C48/80, CQ, or DCP (Fig 4B and C).

We further tested the role of spinal DRD1" neurons in acute itch
using chemogenetic approach. The AAV-DIO-mCherry (mCherry),
AAV-DIO-hM4Di-mCherry (hM4Di), or AAV-DIO-hM3Dg-mCherry
(hM3Dq) was injected into the cervical SDH of DrdI-Cre mice
(Fig 4D). Electrophysiological recording confirmed the inhibitory or
excitatory effect of CNO on spinal DRD1* neurons in the spinal
slices of Drd1-Cre mice injected with hM4Di or hM3Dq, respectively
(Appendix Fig S6D-F). Inhibition of spinal DRD1* neurons by
CNO decreased the scratches evoked by C48/80 or CQ in the
hM4Di group (Fig 4E), and activation of spinal DRD1* neurons
by CNO increased the scratches evoked by C48/80 or CQ in the
hM3Dq group (Fig 4F). Interestingly, activation of spinal DRD1*
neurons by CNO resulted in spontaneous scratching behaviors
(Fig 4G).

© 2023 The Authors
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Figure 3. Spinal DRD1 is involved in itch processing and DRD1" neurons’ excitability.

A Effect of SCH23390 and sulpiride on scratching behaviors induced by C48/80 (left) and CQ (right). ***P < 0.001. One-way ANOVA followed by Bonferroni’s test.

n = 7-8 mice/group.

Timeline of DCP topical treatment, drug administration, and behavioral testing.

Effect of SCH23390 and sulpiride on DCP-induced scratching behaviors. *P < 0.05. One-way ANOVA followed by Bonferroni’s test. n = 8 mice/group.

The Drd1 mRNA level in the spinal cord after DCP or vehicle treatment. *P < 0.05. Student’s t-test. n = 8 mice/group.

Effect of SKF38393 on C48/80- and CQ-induced scratching behaviors. *P < 0.05, **P < 0.01. Student’s t-test. n = 6 mice/group.

Image shows Drd1-tdTomato* neurons and electrophysiological recording. Scale bar, 100 pm.

Statistical curve shows the firing frequency evoked by step current injection into DRD1* neurons that incubated with vehicle or SKF38393. ***P < 0.001. Two-way

ANOVA. n = 8 neurons/group.

H Representative traces of vehicle- (upper panels) and SKF38393-treated (lower panels) DRD1* neurons in the spinal cord of Drd1-tdTomato mice after injection of differ-
ent currents.

| Statistical histogram shows the resting membrane potential in DRD1* neurons incubated with vehicle or SKF38393. *P < 0.05. Paired Student’s t-test. n = 8 neurons/
group.

] Strategy for stimulating the terminals of dopaminergic
tdTomato.

K Representative traces from one spinal DRD1" neuron show that blue light stimuli did not induce spontaneous firing (holding potential, —65 mV, lower panel) but
increased the existing firing of DRD1* neuron (holding potential, —60 mV, upper panel). Arrows indicate blue light stimuli (2-3 mW/cm? 5 pulses, 2 ms duration,
20 Hz, and repeated every 1 s).

L Histogram shows the change in firing frequency from individual DRD1* neurons after blue light stimuli. **P < 0.01. Paired Student’s t-test. n = 8 neurons/group.

O mMm g W@

ALL-SPH heyrons by optogenetics in spinal slice and the recording of spikes of DRD1* neurons labeled with

Data information: Bars represent mean values. Error bars indicate the SEM.
Source data are available online for this figure.

We then checked the effect of chemogenetic regulation of spinal of spinal DRD1* neurons by CNO alleviated DCP-induced scratching
DRD1" neurons on DCP-induced itch (Fig 4H). These AAVs were behaviors in the hM4Di group (Fig 4I). On the contrary, activation
bilateral injected into the cervical SDH of Drd1-Cre mice. Inhibition of spinal DRD1* neurons by CNO increased DCP-induced scratching
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Figure 4. Spinal DRD1" neurons contribute to acute and chronic itch.

A Schematic drawing shows the AAV injection in the cervical SDH of Drd1-Cre mice (upper panel) and the timeline of the experimental setup in Drd1-Cre mice (lower

panel).

B Effect of AAV injection on the scratching behaviors induced by C48/80 (left) and CQ (right). *P < 0.05, ***P < 0.001. Student’s t-test. n = 6 mice/group.
C Effect of AAV injection on DCP-induced chronic itch behaviors. **P < 0.01. Student’s t-test. n = 6 mice/group.

Strategy for the injection of chemogenetic AAVs in Drd1-cre mice (upper panel) and the timeline of the experimental setup for the acute itch model (lower panel).
Effect of chemogenetic inhibition (E) or activation (F) of spinal DRD1" neurons on the scratching behaviors in response to C48/80 and CQ stimuli. *P < 0.05,

**p < 0.01, ***P < 0.001. Two-way ANOVA followed by Bonferroni’s test. n = 8 mice/group.
G Effect of chemogenetic activation of spinal DRD1™ neurons on spontaneous itch behaviors. ***P < 0.001. Student’s t-test. n = 8 mice/group.
H  Strategy for the injection of chemogenetic AAVs in Drd1-cre mice (upper panel) and the timeline of the experimental setup for chronic itch model (lower panel).
| Effect of chemogenetic inhibition (left) or activation (right) of spinal DRD1" neurons on the DCP-induced chronic itch behaviors. *P < 0.05, **P < 0.01. Two-way

ANOVA followed by Bonferroni’s test. n = 8 mice/group.

Data information: Bars represent mean values. Error bars indicate the SEM.
Source data are available online for this figure.

behaviors in the hM3Dq group (Fig 4I). These data indicate that spi-
nal DRD1" neurons contribute to acute and chronic itch signal
transmission.

To further confirm the role of spinal DRD1" neurons in the facili-
tation of dopaminergic® P! neurons on itch processing, we
injected AAV-retro-Flpo and AAV-DIO-taCasp3-TEVp (or AAV-DIO-
mCherry) into cervical spinal dorsal horn of Drdl-cre mice and
injected AAV-fDIO-hM3Dg-mCherry into the All one week later
(Fig EV4A). Behavioral tests showed that the increase in C48/80- or
CQ-induced scratching by the activation of All- spinal cord
projection neurons was dramatically decreased following the
ablation of spinal DRD1* neurons (Fig EV4B). Similarly, the same
treatment blocked the enhancement of scratching in DCP-treated
mice (Fig EV4C and D), indicating that the facilitation of
dopaminergic®!' " neurons on acute and chronic itch is dependent
on spinal DRD1* neurons.

Spinal DRD1* neurons are excitatory and distributed in the
lamina 1l of SDH

We then examined the distribution of spinal DRD1" neurons using
Drd1-tdTomato mice. tdTomato-expressing DRD17" cells form a con-
centrated band in the superficial layer of the dorsal horn (Fig 5A).
FISH (fluorescence in situ hybridization) staining further showed
that 91.4% of tdTomato* cells exhibited detectable Drdl mRNA
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expression, and 93.8% of DRD1™ cells exhibited tdTomato protein
expression (Fig SB-E), indicating that tdTomato marks most of
DRD1™ cells in the SDH. In contrast, EGFP-expressing DRD2* cells
in Drd2-EGFP mice were scattered in the SDH and not co-localized
with tdTomato signals (Fig SF-H). Furthermore, tdTomato* cells
were largely co-localized with neuronal marker NeuN (Fig 5I), but
not co-localized with NKIR (a marker for lamina I, Fig 5J) or CGRP
(a marker for the outer layer of lamina II [Ilo], Fig 5K]. Most of the
tdTomato™ neurons were intermingled with the terminals of IB4 (a
marker for the dorsal inner layer of lamina II [dIli], 44.1%, Fig SL)
and protein kinase Cy (PKCy, a marker for the ventral inner layer of
lamina II [vIli], 35.3%, Fig 5M). Therefore, the Drdl-tdTomato™
neurons are mainly located in lamina Ili of the SDH.

To further characterize spinal DRD1* neurons, we examined the
co-localization of Drdl with excitatory or inhibitory neuronal
markers. Immunostaining combining FISH showed that most of
tdTomato™ neurons (96.8%) expressed slc17a6 mRNA (encoding
vGluT2, an excitatory neuronal marker) in the SDH (Fig 5N). Fur-
thermore, double FISH staining with Drdl and sic17a6 probes
showed that Drdl mRNA was highly co-localized with slc17a6
mRNA (95.9%, Fig 50). Immunostaining demonstrated that
tdTomato™* neurons were rarely co-localized with PAX2 (an inhibi-
tory neuronal marker in the SDH, 3.2%, Fig S5P). To further confirm
this result, Drdl-tdTomato mice were crossed with Gad67-EGFP
mice (Gad67, an inhibitory neuronal marker). The data showed
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Figure 5. DRD1' neurons are distributed in lamina Il of SDH and co-localized with vGluT2.

A tdTomato™ neurons were visualized in SDH of Drd1-tdTomato mice. Scale bar, 500 pm.

B-D FISH staining of Drd1 probe with tdTomato fluorescence. Yellow arrows show double-labeled neurons. White arrow and arrowheads show Drd1 and tdTomato
single-labeled neurons, respectively. The high-magnification images in (D) were taken from the inserted white frames in (B) and (C). Scale bar, 20 pm in B and C,
5 pm in D.
Statistical data show the co-localization percentage of Drd1l with tdTomato. n = 3 mice/group. Error bars indicate the SEM.

—H Representative images show nonoverlap of tdTomato with EGFP in the SDH of Drd1-tdTomato;Drd2-EGFP mice. Scale bar, 100 pm.

Representative image shows the co-localization of NeuN with tdTomato. Scale bar, 50 pm. Inset scale bar, 25 pm.

m om
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=

Representative images show the co-localization of NK1R (J), CGRP (K), IB4 (L), and PKCy (M) with tdTomato. Scale bar, 100 pm.
N Co-localization of tdTomato fluorescence with vGluT2 probe. Scale bar, 50 pm.
0 FISH double staining of Drd1 probe with vGIuT2 probe. White arrows and arrowheads show double-labeled neurons and vGIuT2 single-labeled neurons, respectively.

Scale bar, 10 pm.
P Staining of PAX2 in Drd1-tdTomato mice. Scale bar, 50 pm.
Q Fluorescence of tdTomato and EGFP in the SDH of Drd1-tdTomato;Gad67-EGFP mice. Scale bar, 50 pm.

Source data are available online for this figure.

2.1% co-localization between tdTomato and EGFP in their offspring
(Fig 5Q). The evidence suggests that spinal DRD1* neurons are
excitatory.

Spinal DRD1* neurons form monosynaptic connections with
GRPR* neurons

As GRPR" neurons are important in spinal itch transmission, we

examined the synaptic connection between spinal DRD1* and
GRPR* neurons. The mammalian GFP reconstitution across synaptic

© 2023 The Authors

partners (MGRASP) method has been applied to detect the mamma-
lian neuronal synapses with a fluorescence microscope (Choi
et al, 2018). When the distance between the pre-mGRASP and post-
mGRASP is ~ 20 nm (matching the cleft of a mammalian synapse),
the two nonfluorescent split-GFP fragments reconstitute to be fluo-
rescent GFP. We injected AAV-DIO-pre-mGRASP-P2A-mCherry and
AAV-fDIO-post-mGRASP into the SDH of Drd1-Cre*’~;Grpr-Flpo*/~
mice to induce the expression of the pre-mGRASP and mCherry in
spinal DRD1* neurons and the expression of the post-mGRASP
in spinal GRPR™ neurons, respectively (Fig 6A and B). Under
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Figure 6. DRD1* neurons form synaptic connections with GRPR™ neurons in the SDH.
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A Hybrid strategy to generate the mouse expressing Drd1-Cre and Grpr-Flpo (upper panel) and the scheme of AAV injection into the SDH to express the pre-mGRASP
and mCherry in DRD1" neurons and the post-mGRASP in GRPR™ neurons, respectively (lower panel).

B Schematic illustration of mMGRASP technique to exhibit a synapse.

(@}

Representative images show the reconstitution of pre- and post-mGRASP to form an intact GFP (green), which mapped synaptic connectivity between spinal DRD1*

neurons (red, as presynaptic constructs) and GRPR* neurons (upper panels). High-magnification images in the white frames are shown in lower panels. Scale bar,
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Scheme of AAV injection into the SDH to express the hChR2 and mCherry in DRD1" neurons and the EGFP in GRPR™ neurons, respectively.

Experimental setup for checking the monosynaptic transmission from the DRD1* neurons to GRPR* neurons in the SDH.

A representative trace of the whole-cell current clamp shows the blue light-evoked EPSPs recorded in a GRPR* neuron (470 nm, 2 ms).

Representative traces of the whole-cell voltage clamp show the blue light (470 nm, 2 ms)-evoked EPSCs recorded in a GRPR* neuron before (black) and after 20 pM

H Representative traces show the effect of TTX alone (purple) and the combined presence of 4-AP (gray) superfusion on the blue light-evoked EPSCs (black) recorded in

a GRPR™ neuron.

| Representative traces show the effect of TTX + 4-AP (gray) on the blue light (470 nm, 2 ms)-evoked EPSCs (black) recorded in a GRPR™ neuron.
] A representative trace shows no response of GRPR™ neuron to the blue light (470 nm, 2 ms).
K Pie chart shows the percentage of monosynaptic, polysynaptic, and nonsynaptic connections between DRD1* neurons and GRPR* neurons in the SDH.

Source data are available online for this figure.

fluorescence microscopy, we captured GFP-labeled punctate synap-
ses formed by spinal DRD1* and GRPR* neurons (Fig 6C). We also
observed mCherry-labeled cell bodies and neurites of spinal DRD1*
neurons, which represent the presynaptic structure (Fig 6C).

We further checked the functional connection between spinal
DRD1* and GRPR* neurons by electrophysiology. We injected AAVs
into the SDH of DrdI-Cre*/~; Grpr-Flpo™'~ mice to express hChR2
and EGFP in DRD1* and GRPR™ neurons, respectively (Fig 6D).
Thus, it allows electrophysiological recording of spinal GRPR* neu-
rons following optogenetic activation of spinal DRD1* neurons
(Fig 6E). To begin with, we recorded stable excitatory postsynaptic
potentials (EPSPs) upon DRD1* neurons in the spinal slice stimu-
lated by short blue light (470 nm, 2 ms) under current-clamp condi-
tions (Fig G6F). Then, we recorded evoked excitatory postsynaptic
currents (EPSCs) in spinal GRPR* neurons upon optogenetic excita-
tion of spinal DRD1* neurons (2 ms, 470 nm blue light) after
switching to voltage-clamp mode. Perfusion of the spinal slice with
DNQX (a specific and competitive AMPA receptor antagonist,
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20 pM) nearly blocked the recorded EPSCs (Fig 6G). Tetrodotoxin
(TTX, 1 pM) perfusion completely blocked the recorded EPSCs
(Fig 6H). Furthermore, 4-AP (4-aminopyridine, a nonselective K*
channel blocker, 20 pM) perfusion partially reversed TTX-blocked
EPSCs (Fig 6H). In some cases, 4-AP did not reverse TTX-blocked-
EPSCs (Fig 6I). The EPSCs were occasionally missed after the excita-
tion of spinal DRD1" neurons (Fig 6J). The percentage of the above
three types of neurons is shown in Fig 6K. These data indicate that
most of the synapses between spinal DRD1* and GRPR* neurons are
glutamatergic monosynaptic connections.

GRP and glutamate contribute to DRD1-mediated itch
transmission

As spinal GRP* neurons are excitatory (Mishra & Hoon, 2013; Albi-
setti et al, 2019), we asked whether DRDI1 is co-localized with GRP
in the SDH. FISH combined with immunofluorescence staining
showed that tdTomato signals largely overlapped with Grp mRNA in

© 2023 The Authors
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superficial SDH (Fig 7A). In contrast, tdTomato signals rarely co-
localized with Grpr mRNA (Fig 7B). The statistical data showed that
approximately 77% of tdTomato* neurons contained Grp mRNA
(Fig 7C). Single-cell RT-PCR further showed that 7 of 10 (70%)
tdTomato™ neurons expressed Grp mRNA (Fig 7D). Behavioral tests
showed that i.t. injection of GRP induced scratching behaviors,
which was not affected by SCH23390 (Fig 7E), suggesting that DRD1
locates upstream of GRPR signaling. Moreover, ablation of GRPR*™
neurons by i.t. injection of bombensin saporin blocked chemoge-
netic activation of DRD1" neurons-induced spontaneous scratching
(Fig 7F and G). L.t. injection of DNQX or GRPR blocker RC-3095 also
decreased this spontaneous scratching (Fig 7H and I) and relieved

A Drd1-tdTomatolGrp B Drd1-tdTomatolGrpr

Drd1-tdTomato*

Drd1-tdTomato*

EMBO reports

C48/80- or CQ-induced itch. Furthermore, the enhanced C48/80- or
CQ-induced itch by chemogenetic activation of DRD1* neurons was
attenuated by DNQX and RC-3095 (Fig 7J), confirming the contribu-
tion of glutamate and GRP from spinal DRD1* neurons in itch
processing.

Discussion

Dopaminergic fibers, along with others such as serotonergic, norad-
renergic, and GABAergic fibers, are vital descending pathways
projecting to the spinal cord. Previous studies indicated the role of
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Figure 7. GRP and glutamate contribute to DRD1-mediated itch transmission.

A, B Representative images show the staining of Grp-probe (A) and Grpr-probe (B) in the SDH of Drd1-tdTomato mice. Arrows indicate Drd1-tdTomato* neurons, arrow-
heads indicate Grp* neurons, and double arrowheads indicate Drd1-tdTomato*Grp™ neurons. Scale bar, 50 pm.

C  Venn diagrams illustrate the co-localization percentage of DRD1" neurons with GRP* and GRPR™ neurons.

D  Single-cell RT-PCR shows the expression of Drd1, Grp, NeuN, and Gapdh mRNA in tdTomato* neurons. N, negative control. * Indicate Drd1*Grp* neurons.

E Effect of SCH23390 on the scratching induced by i.t. injection of GRP. ***P < 0.001, n.s,, not significant. One-way ANOVA followed by Bonferroni’s test. n = 6-7

mice/group.

F Scheme of AAV injection into the SDH to express mCherry or hM3Dq in DRD1* neurons in Drd1-Cre mice (upper panel). The timeline of the experimental setup

(lower panel).

G Effect of bombensin saporin or blank saporin i.t. injection on the spontaneous scratching of mice with spinal DRD1* neurons expressing mCherry or hM3Dq

activated by CNO. **P < 0.01. Student’s t-test. n = 6 mice/group.

H  Scheme of AAV injection into the spinal cord to express mCherry or hM3Dgq in DRD1* neurons of Drd1-Cre mice (upper panel). The timeline of the experimental

setup (lower panel).

| Effect of DNQX, RC-3095, or vehicle on the spontaneous scratching of mice with spinal DRD1* neurons expressing mCherry or hM3Dq and activated by CNO.
**P < 0.01, ***P < 0.001. One-way ANOVA followed by Bonferroni’s test. n = 8 mice/group.

J Effect of DNQX, RC-3095, or vehicle on the scratching behaviors of mice with spinal DRD1" neurons expressing mCherry or hM3Dq and activated by CNO in C48/80
model (left) or CQ model (right). *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA followed by Bonferroni’s test. n = 6 mice/group.

Data information: Bars represent mean values. Error bars indicate the SEM.
Source data are available online for this figure.
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serotonergic and noradrenergic descending pathways in the regula-
tion of itch processing in the SDH (Gotoh et al, 2011; Zhao
et al, 2014a; Liu et al, 2019a; Koga et al, 2020). Here, using behav-
ioral, morphological, pharmacological, electrophysiological, chemo-
genetic, and optogenetic approaches, we demonstrate that the
dopaminergic descending projection facilitates itch transmission via
DRD1*-GRPR* neurons in the spinal cord. First, peripheral prurito-
gens activate dopaminergic neurons in the All, and inhibition of
dopaminergic?!'" " neurons decreases acute and chronic itch-
induced scratching behaviors. Furthermore, pharmacological inhibi-
tion of DRD1 or chemogenetic inhibition of spinal DRD1* neurons
alleviated scratching behavior induced by acute and chronic prurito-
gens. Additionally, DRD1" neurons are excitatory and express GRP,
and a majority of DRD1* neurons form a monosynaptic connection
with GRPR* neurons and activate these neurons via AMPA receptor.
As GRPR* neurons play an essential role in gating spinal itch trans-
mission (Sun et al, 2009; Liu et al, 2019a), dopaminergicA“'SDH neu-
rons may facilitate spinal itch transmission via releasing glutamate
and GRP to enhance the activation of GRPR* neurons in the SDH.
Thus, our study reveals a novel role and mechanism of descending
dopaminergic pathways in itch signal processing.

Al11-SDH

The regulation of dopaminergic neurons on spinal itch

transmission

Dopaminergic neurons play an important role in diverse functions
including sensory processing, motor behavior, and associative learn-
ing (Schultz, 2007). The mesolimbic dopaminergic system has been
widely studied as it is involved in addiction and Parkinson’s disease
(Bjorklund & Dunnett, 2007). VTA dopaminergic neurons contribute
to pruritogen-induced scratching behavior (Yuan et al, 2018) and
the reward to scratch-induced relief of itch (Su et al, 2019). All
dopaminergic neurons have long axons to the spinal dorsal horn
and ventral horn and provide the only central spinal dopaminergic
innervation (Skagerberg & Lindvall, 1985). Previous studies
revealed the function of dopaminergic descending projection in
pathological pain (Millan, 2002; Puopolo, 2019) and restless leg syn-
drome (Ondo et al, 2000; Clemens et al, 2006). In this study, fiber
photometry recording showed the increase in Ca** activities of
dopaminergic®!'SP" neurons in response to acute or chronic itch,
even with Elizabethan collars to protect the mice from scratching,
indicating that the dopaminergic®'""*°" neurons in the A11 are acti-
vated by the itch sensation but not by scratching-induced mechani-
cal nociception or itch relief.

The A1l nucleus receives innervation from the limbic forebrain
such as the anterior cingulate cortex (ACC), the medial and lateral
hypothalamus, and brain stem nuclei including the raphe nuclei,
PAG, and the parabrachial nucleus (PBN; Abrahamson & Moore,
2001). Several of these areas have been reported to be activated in
functional imaging studies of itch (Darsow et al, 2000; Mochizuki
et al, 2003; Yosipovitch et al, 2008; Papoiu et al, 2012; Jeong &
Kang, 2015; Mochizuki & Kakigi, 2015). Moreover, neurons in the
ACC, PAG, and PBN are activated by the pruritogens in mice (Mu
et al, 2017; Lu et al, 2018; Gao et al, 2019). As no evidence shows the
innervation of the A11 from the spinal cord, the A1l neurons may be
activated indirectly by these brain areas under itch conditions.

The A1l comprises at least three types of neurons: TH, calbindin,
or both TH and calbindin (Ozawa et al, 2017). Microinjection of
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6-OHDA in the A1l greatly reduces TH" neurons and decreases
the levels of dopamine in the spinal cord (Zhao et al, 2007). The
6-OHDA treatment attenuated C48/80-, CQ-, and even DCP-
induced scratching behaviors. In addition, specific inhibition of
dopaminergic®''°" neurons decreased the pruritogen-evoked
scratching, whereas the activation of these neurons increased the
scratching behavior, indicating the facilitation of dopaminergic
neurons on spinal itch transmission. However, the excitation of
A1l dopaminergic neurons reduces noxious stimulation-produced
responses via the activation of DRD2 in the spinal cord and spinal
trigeminal nucleus caudalis (Fleetwood-Walker et al, 1988;
Charbit et al, 2009; Taniguchi et al, 2011; Liu et al, 2019b), indi-
cating a different role of the descending dopaminergic pathway
on itch and pain, which is similar to the function of descending
serotonergic pathway (Zhao et al, 2014a). Furthermore, chemoge-
netic or optogenetic activation of dopaminergic®!'*°" neurons
did not induce spontaneous scratching. Optogenetic stimulation
of VTA dopaminergic neurons does not evoke spontaneous
scratching either, even though these neurons promote acute itch
(Yuan et al, 2018; Su et al, 2019), suggesting that these dopami-
nergic neurons play a regulatory role in itch processing. Chemo-
genetic modulation of dopaminergic®''S°" neurons did not affect
basal pain and locomotor function of mice, which is consistent
with a recent study (Liu et al, 2019b). However, Koblinger
et al (2018) reported that photostimulation of ChR2-transfected
neurons in the A11 region enhances motor activity, which may be
due to the activation of both TH* and TH™ neurons that project to
not only spinal cord but also other brain areas (Takada
et al, 1988; Takada, 1990, 1993). Our data showed that inhibition
or activation of dopaminergic®''SP" neurons, respectively,
reduced or increased c-Fos expression in the cervical spinal cord,
supporting the descending modulation of A11 dopaminergic neu-
rons on itch processing at the spinal cord level.

The role of DRD1 in acute and chronic itch

The functions of dopamine are mediated by D1-like receptors and D2-
like receptors. D1-like receptors are coupled to Gas proteins which
stimulate the activity of adenylyl cyclase (AC) and the production of
cAMP; D2-like receptors are coupled to Gai/o proteins which inhibit
the activity of AC and the production of cAMP (Missale et al, 1998;
Vallone et al, 2000). Previous studies demonstrated that D1-like recep-
tors and D2-like receptors, respectively, mediate pro-nociceptive and
anti-nociceptive effects (Gao et al, 2001; Cobacho et al, 2014;
Kim et al, 2015; Liu et al, 2019b). Systemic injection of a low dose of
D1-like receptor antagonist SCH23390 reduces bombesin-induced
grooming behavior but not locomotor activity, whereas D2-like recep-
tor antagonist eticlopride inhibited both grooming and locomotion,
with more inhibition on locomotion (Merali & Piggins, 1990). Systemic
or intracisternal injection of SCH23390 also attenuated the C48/80- or
neuromedin C-induced scratching/grooming behavior (Van Wimersma
Greidanus & Maigret, 1991; Akimoto & Furuse, 2011). Our data further
showed that SCH23390 reduced the scratching behavior induced by
C48/80, CQ, and DCP, without effects on locomotor activity. However,
sulpiride, the D2-like receptor antagonist, did not affect scratches or
locomotion. In line with these data, SCH23390 decreased the c-Fos
expression in the spinal cord. These data collectively indicate that D1-
like receptors play a major role in spinal itch transmission.
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Besides the spinal cord, dopamine receptors are also expressed
in DRG neurons (Xie et al, 1998; Galbavy et al, 2013), and i.t. injec-
tion of inhibitors may affect receptors in both the spinal cord and
DRG. Using chemogenetic approaches, we demonstrated that spe-
cific ablation or inhibition of spinal DRD1* neurons attenuated
scratching behaviors induced by acute or chronic pruritogens, and
the activation of DRD1" neurons enhanced C48/80 or CQ-evoked
scratching behaviors. In addition, chemogenetic activation of DRD1*
neurons induced spontaneous itch-like behaviors. However, D1-like
receptor agonist SKF38393 alone did not induce itch but increased
the scratching induced by CQ or C48/80. Consistently, SKF38393 or
optogenetic stimulation of dopaminergic®'!SP" projection terminals
did not induce action potential but increased electrical stimuli-
induced firing frequency, indicating that activation of D1R is not suf-
ficient to induce the activation of DRD1" neurons but can enhance
DRD1* neuronal excitability under itch states.

Spinal DRD1* neurons contribute to itch transmission via the
activation of GRPR™ neurons

It has been demonstrated that all dopamine receptors are expressed in
the spinal cord with the density and the level of expression that may
change in different laminae (Puopolo, 2019). Up to now, the spatial
distribution of DRD1" neurons in the spinal cord is still controversial
(Zhu et al, 2007; Megat et al, 2018). In this study, DrdI-tdTomato*
neurons were densely assembled in the laminae dIli and vIli, and most
of DRD1" neurons were co-localized with excitatory neuronal marker
vGluT2. Aira et al (2016) also showed the co-localization of DRD1
with vGluT2 by immunofluorescence staining. Previous studies
showed that spinal excitatory neurons play an important role in chem-
ical itch, and several itch-related proteins including GRP, GRPR,
somatostatin, and preprotachykinin 1 are all expressed in spinal excit-
atory neurons (Mishra & Hoon, 2013; Wang et al, 2013; Gutierrez-
Mecinas et al, 2017; Fatima et al, 2019; Pagani et al, 2019).

Spinal GRP* neurons form a synaptic connection with GRPR*
neurons to open the gate for itch (Pagani et al, 2019). Here, we
showed that, morphologically, spinal DRD1* and GRPR* neurons
form synapses in the SDH. Functionally, activation of DRD1" neu-
rons induced stable EPSCs in GRPR* neurons, which was blocked
by AMPAR antagonist DNQX, indicating that GRPR* neurons
receive excitatory glutamate from DRD1" neurons. In addition, the
application of 4-AP reactivated the inward current in more than half
of the GRPR* neurons after blocking the presynaptic APs by TTX,
supporting that there are monosynaptic communications between
DRD1" and GRPR* neurons. Furthermore, chemogenetic activation
of DRD1" neurons-induced spontaneous itch behavior was abol-
ished after GRPR* neurons ablation and was also reduced by antag-
onists for glutamate and GRPR, indicating that DRD1" neurons
communicate with GRPR* neurons via glutamate and GRP. Our
results showed that 70% of DRD1* neurons express GRP. Thus,
although the role of spinal GRP™ neurons in itch transmission is
controversial (Pagani et al, 2019; Barry et al, 2020), our data sup-
port the involvement of these neurons in itch processing. As about
30% of DRD1* neurons do not express GRP, we do not exclude the
regulation of DRD1* on GRPR* neurons via glutamate only. In addi-
tion, some DRD1" neurons form polysynaptic connections with
GRPR™ neurons, suggesting that DRD1* neurons also indirectly reg-
ulate GRPR" neurons via other interneurons.

© 2023 The Authors
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In summary, our study establishes that dopaminergic®'SP" neu-

rons are recruited in the descending regulation of spinal itch trans-
mission. Dopaminergic®!'*P" projection acts on DRD1 in excitatory
interneurons, and DRD1" neurons form a monosynaptic connection
with GRPR* neurons to modulate spinal itch transmission. There-
fore, the descending A11-SDH dopaminergic projection is critical for
the regulation of itch processing and could be manipulated to treat
chronic itch. It is noteworthy that the present study was performed
in male mice. It has been reported that female mice have fewer
lumbar-projecting A11 DA neurons and lower DA concentrations in
the lumbar spinal cord than male mice (Pappas et al, 2008, 2010).
Thus, the role of this A11 descending pathway in itch modulation in
female mice needs to be investigated in the future.

Materials and Methods
Experimental animals

All adult male C57BL/6 mice were purchased from the Experimental
Animal Center of Nantong University (Jiangsu, China). Grpr-Flpo
mice were kindly gifted by Dr. Yan-Gang Sun (Chinese Academy of
Sciences). Drdl-tdTomato mice (JAX, #016204), Ai9 mice (JAX,
#007905), Gad67-EGFP mice (JAX, #007673), and TH-Cre mice
(JAX, #008601) were purchased from the Jackson laboratory. Drd1-
Cre mice (#030778-UCD) and Drd2-EGFP mice (#036931-UCD) were
purchased from MMRRC (Mutant Mouse Regional Resource Center).
Animals were maintained in a specific pathogen-free facility under a
12:12 h light-dark cycle at a room temperature of 22 + 2°C with
food and water ad libitum. All animal experiments and surgeries
were reviewed and approved by the Animal Care and Use Commit-
tee of Nantong University. The treatments for mice are in accor-
dance with the guidelines of the International Association for the
Study of Pain.

Spinal cord and brain stereotaxic microinjection

Mice were anesthetized with continuous inhalation of 2.0%
isoflurane/1.5% oxygen mixture during the surgery. Spinal cord
microinjection was performed as described by Mu et al (2017). In
brief, the cervical vertebral column was held by a mouse adaptor
(RWD Instruments, Shenzhen, China), and then the cervical verte-
bral laminae were carefully removed to expose cervical segments
(C4-C6). AAVs and 2% FluoroGold (FG, Fluorochrome, #52-9400)
were injected unilaterally or bilaterally into the cervical spinal cord
according to the design of experiments (three injection sites for one
side, 200 nl of AAV or FG for each site interspaced by 400 pm). The
capillary glass microelectrode was controlled by a Micro4/nanoliter
infusion instrument (World Precision Instruments, USA) to deliver
AAVs or FG into laminae I-II of the spinal cord at 40 nl/min (Wu
et al, 2021). For the A11 microinjection, mice were mounted on a
small animal stereotaxic instrument with a digital display readout
(RWD Instruments). The mouse scalp was incised to expose the
skull surface, and then holes were bilaterally or unilaterally drilled
above the A1l according to the design of experiments (the coordi-
nate: 2.54 mm posterior to Bregma, 0.50 mm lateral to the midline,
and 3.7 mm ventral to the skull surface). A volume of 200 nl AAVs
or 6-OHDA (Sigma-Aldrich, #H4381) was delivered by the system of
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Micro4/nanoliter infusion instrument (WPI) at a rate of 40 nl/min.
After microinjection, the glass microelectrode remained in place for
~ 5 min before retraction. The muscle was closed with the Tissue
Adhesive (3M Vetbond™, USA), and then the skin was sutured.
AAVs were purchased from Shanghai OBiO Technology Corp Ltd
and Taitool Bioscience Co. AAVs for the spinal cord and A1l micro-
injection were as follows: AAV-DIO-mCherry (titer 1.11 x 10" v.g./
ml), AAV-DIO-hM3Dg-mCherry (titer 1.23 x 10" v.g./ml), AAV-
DIO-hM4Di-mCherry (titer 9.95 x 10'* v.g./ml), AAV-fDIO-EGFP
(titer 1.39 x 10" v.g./ml), AAV-DIO-taCasp3-TEVp (titer 1.15 x
10" v.g./ml), AAV-DIO-hChR2-mCherry (titer 1.09 x 10'? v.g./ml),
AAV-retro-DIO-Flpo (titer 1.29 x 10" v.g./ml), AAV-fDIO-hM3Dg-
mCherry (titer 1.82 x 10 v.g./ml), AAV-fDIO-mCherry (titer
2.13 x 10" v.g./ml), AAV-fDIO-hM4Di-mCherry (titer 1.71 x 10**
v.g./ml), AAV-retro-Flpo (titer 1.35 x 10"* v.g./ml), AAV-fDIO-
GCaMP6s (titer 2.9 x 10" v.g./ml), AAV-fDIO-EYFP (titer
2.03 x 10" v.g./ml), AAV-fDIO-hChR2-mCherry (titer 1.09 x 10
v.g./ml), AAV-DIO-pre-mGRASP-P2A-mCherry (titer 1.02 x 10*
v.g./ml), and AAV-fDIO-post-mGRASP (titer 7.01 x 10'* v.g./ml).

A11-SDH

Dopaminergic neuron label with AAV

To target dopaminergic®''°" neuron, we injected a Cre-dependent
retro-AAV-encoding Flpo recombinase (AAV-retro-DIO-Flpo) into
the cervical SDH of TH-Cre mice, then injected Flpo-dependent
AAVs, including AAV-fDIO-GCaMP6s (expressing calcium indicator
GCaMP6s), AAV-fDIO-EYFP, AAV-fDIO-mCherry, AAV-fDIO-hM4Di,
AAV-fDIO-hM3Dq, or AAV-fDIO-hChR2 into the All. In acute itch
model, retro-AAV was unilaterally injected into the cervical SDH,
and 1 week later, other AAVs were injected into the ipsilateral A11.
In chronic itch model, these AAVs were bilaterally injected.

Fiber photometry and optogenetic stimulation

To record the activities of dopaminergic®''P"" neurons during
scratching, optical fibers (1.25 mm 0.D., 200 pm fiber core, and
NA = 0.37, 3.5 mm long) were implanted into the All at about
200 pym above the AAV-injected dopaminergic®''°" neuron popu-
lation. Optical fibers (Inper, Hangzhou, China) were fixed to the
skull with super glue and dental cement. After surgery, mice were
allowed to recover for 10 days before experiments. The fixed optical
fibers were gently held and connected to the fiber photometry sys-
tem (QAXK-FPS-LED, ThinkerTech, Nanjing, China) through a fiber
optic rotary joint (QAXK-HP). For fiber photometry, the laser power
of 470 nm at the tip of the optical fiber was adjusted to 50 pW to
avoid bleaching the GCaMP6s proteins. A video was recorded
to synchronize the timeline of GCaMP6s fluorescent signals and
scratching behaviors. To prevent scratching the nape skin, an Eliza-
bethan collar (EC201V, Kent Scientific Corporation, USA) was used.
To observe the effect of hind paw movement on GCaMP6s fluores-
cent signals, a 3 mm x 1 mm sticky tape was adhered to the ear of
mice. The recorded GCaMP6s fluorescent signals were transferred to
a MATLAB mat file and analyzed by a custom-written MATLAB
code. Data were matched to scratching behaviors based on individ-
ual trials. Fluorescence change was shown as AF/F, which was
measured by (F — F0)/F0. The F and FO values represent the fluo-
rescent value at each time point and the average of fluorescent
values during the baseline period, respectively. To quantify the
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fluorescent change between the baseline and scratching train onset
periods, the AF/F values from —2 to —1 s and 3 to 5 s relative to
the scratching train onset were averaged as baseline and onset
values, respectively.

For optogenetic stimulation in vivo, a 473 nm laser power source
(Aurora-220, Newdoom, China) was connected to the optical fiber
fixed on the mouse skull, and the laser power at the tip of the optical
fiber was adjusted to 6 mW/cm?. In the process of the experiment,
473 nm blue light was delivered in 10 ms pulses at 20 Hz with
five cycles of 3 min light-on and 3 min light-off (Su et al, 2019). The
scratching behaviors during blue light stimulation were recorded.

Drug delivery

For intrathecal administration, SCH23390 (Sigma-Aldrich, #D054),
Sulpiride (Sigma-Aldrich, #S8010), SKF38393 (Sigma-Aldrich,
#S101), GRP (Tocris Bioscience, #1789), DNQX (Sigma-Aldrich, #-
D0540), and RC-3095 (Sigma-Aldrich, #R9653) were injected by a
30 G needle into the cerebrospinal fluid between the fourth and fifth
lumbar vertebral arches. For ablation of GRPR* neurons in the spi-
nal cord, mice were intrathecally administered bombesin saporin
(400 ng, Advanced Targeting Systems, #IT-40) or blank
saporin (400 ng, Advanced Targeting Systems, #IT-21) 2 weeks
before behavioral tests. For pharmacogenetics manipulation, mice
were intraperitoneally injected with clozapine-N-oxide (CNO, 1 mg/
kg, 100 pl, Enzo Life Sciences, #BML-NS105). After 30 min, the
behavioral tests were conducted on the mice.

Behavioral tests

Mice were placed into the testing apparatus daily for at least 3 days
before behavioral tests. The temperature of the behavioral testing
room was kept at 22 + 2°C with 50 ~ 60% ambient humidity. All
investigators executing behavioral tests were blinded to treatments.

Acute itch

Mice were daily placed into the testing apparatus until they became
quiet before the itch behavioral tests. The nape skin was shaved
2 days before the experiments. On the day of the itch behavioral
tests, mice were individually placed in small plastic apparatus on an
elevated metal mesh floor and allowed at least 30 min for habitua-
tion. Under brief anesthesia with isoflurane, mice were given an
intradermal injection of 50 pl of compound 48/80 (C48/80; Sigma-
Aldrich, #C2313) or chloroquine (CQ; Sigma-Aldrich, #C6628) via a
30G needle into nape skin. Immediately after the injection, mice
were returned to their chambers and recorded for 30 min. The video
recording was subsequently played back offline and the scratching
behavior was quantified in a blinded manner. A bout of
scratching was counted when a mouse lifted the hind paw to scratch
the shaved nape skin and returned the hind paw to the floor or the
mouth (Han et al, 2018).

Diphenylcyclopropenone (DCP)-induced chronic itch in the

nape skin

The skin of nape was shaved in an area of approximately
1.0 x 1.0 cm 1 day before establishing the DCP model. DCP (Shang-
hai Aladdin Biochem Technology Co., Ltd) was resolved to 1% in
acetone and topically painted (0.2 ml) to the shaved skin of nape.

© 2023 The Authors



Zhi-Jjun Zhang et al

Seven days later, the mice were challenged by painting the nape
skin with 0.5% DCP (0.2 ml; Liu et al, 2016), which was applied
daily for 6-8 days. Mice were habituated to the transparent boxes
(10 x 10 x 18 cm) on an elevated metal mesh floor for at least
3 days before the itch behavioral tests. The spontaneous scratching
behavior was video recorded for 60 min after each 0.5% DCP appli-
cation. Bouts of scratching were then counted in a blinded manner
(Zhang et al, 2018).

Mechanical itch

Mice were habituated in the apparatus with a mesh cover. Von Frey
filaments (0.008, 0.04, and 0.07 g) were vertically delivered to the
shaved nape skin. The movement of hind paw toward mechanical-
stimulated nape skin was noted as a positive scratch response. Each
von Frey filament was delivered five times at a 2-min interval on
the ipsilateral nape skin. Response percentages were calculated to
evaluate the degree of mechanical itch.

Mechanosensation and thermosensation tests

As hind paws were used to check pain sensitivity, we injected AAV-
retro-DIO-Flpo into the bilateral lumbar SDH of TH-Cre mice (Zhang
et al, 2016), then injected Flpo-dependent AAVs into the All. For
the mechanosensation test, mice were placed into boxes on an ele-
vated mesh floor. The plantar surface of the ipsilateral hind paw
was vertically delivered with a series of von Frey filaments ranging
from 0.02 to 2.0 g. The 50% paw withdrawal threshold was calcu-
lated using Dixon’s up-down method (Chaplan et al, 1994). For
thermosensation tests, Hargreaves and hot/cold plate tests were
used. For Hargreaves test, mice were placed into plastic boxes on a
glass plate. The ipsilateral plantar surface of hind paw was heated
by a beam of radiant energy (IITC Life Science, USA). The latencies
to hind paw withdrawal were recorded. The cutoff time was set at
20 s to prevent hind paw injury (Hargreaves et al, 1988). For the
hot/cold plate test, mice were placed into plastic boxes on a hot/
cold plate (IITC Life Science). The plate surface temperature was set
at 50, 52, 54, or 0°C, and the latencies to hind paw flinching and
licking were recorded. The cutoff time was correspondingly set at
60, 50, 30, or 20 s to avoid hind paw injury. Each mouse was tested
three times at 10 min intervals.

Rotarod test

The mouse motor function was examined by the Rotarod equipment
(IITC Life Science). Before testing, mice were trained on the rotarod
rotating at a constant speed of 10 rpm for 3 min every day, until the
day the mice no longer fell off the rotarod. For testing, the speed of
rotation was set at a speed of 10 rpm for 1 min and subsequently
accelerated to 80 rpm in 5 min. We recorded the latency to fall since
the beginning of the acceleration as an estimation for the motor
function. The latency was averaged over three trials, separated by a
10-min interval (Zhang et al, 2018).

Open-field locomotion test

For the locomotor function test, mice were habituated in a light-gray
chamber (50 cm x 50 cm x 40 cm) for 15 min per day and 3 days
before testing. For testing, mice in the open field were recorded for
5 min, and the travel distance was automatically analyzed using
smart software (VisuTrack 3.0.0.1, Shanghai XinRuan Information
Technology Co., Ltd., Shanghai, China).

© 2023 The Authors
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Real-time quantitative RT-PCR (qPCR)

The total RNA of the spinal cord was collected according to the pro-
tocol of TRIzol reagent (Invitrogen, USA). The quantity and quality
of total RNA were checked on a NanoDrop spectrophotometer
(ThermoScientific). The cDNA was synthesized from RNA by using
Reverse Transcription System (Promega GoScript™, USA) according
to the manufacturer’s instructions. The qPCR analysis was run on
the A&B Applied Biosystems platform with SYBR Premix Ex Taq II
kit (Takara, #RR820A). The following primers were used in the real-
time PCR reaction: Drd1 forward: 5-GAC ACG AGG TTG AGC AGG
ACA TAC-3/, Drd1 reverse: 5-GTG GTG GTC TGG CAG TTC TTG G-
3'; Gapdh forward: 5-AAA TGG TGA AGG TCG GTG TGA AC-3/,
Gapdh reverse: 5-CAA CAA TCT CCA CTT TGC CAC TG-3'. PCR
amplification was set at 95°C for 30 s, followed by 40 cycles of 5 s
for 95°C and 30 s for 60°C. PCR data were displayed with StopOne
Software v2.3. Melting curves were performed to ensure that the
nonspecificity of PCR products was absent. 2744% method was used
to analyze the data that were quantified by normalizing the Drd1I
cycle threshold (C,) values with Gapdh C..

Immunofluorescence staining

Animals were deeply anesthetized with isoflurane and perfused
through the ascending aorta with 0.01 M PBS followed by 4% para-
formaldehyde in 0.01 M PB. After the perfusion, the spinal cord and
brain were collected, postfixed in paraformaldehyde for 2 h,
and dehydrated in 30% sucrose at 4°C. For immunofluorescence
staining, the spinal cord and brain were cut into 30 pm free-floating
sections in a cryostat (Leica CM 1950, Germany) as we described pre-
viously (Zhang et al, 2018). One section was picked up to stain for
immunofluorescence qualification at every four sections. The sections
were first blocked with 5% donkey serum for 2 h at RT (room tem-
perature), then incubated with the following primary antibodies over-
night at 4°C: c-Fos (guinea pig, Synaptic Systems, #226004), NK1R
(goat, Santa Cruz, #sc-14115), CGRP (mouse, Sigma-Aldrich,
#C7113), PKCy (rabbit, Santa Cruz, #sc-211), PAX2 (rabbit, Thermo-
Fisher, #71-6000), NeuN (rabbit, Abcam, #ab177487), and TH (rabbit,
Millipore, #AB152). The sections were then incubated for 2 h at RT
with FITC or Cy3-conjugated secondary antibodies (1:1,000, Jackson
ImmunoResearch) or IB4-FITC (Sigma-Aldrich, #1.2895). The stained
sections were checked with a Nikon Eclipse Ni-E fluorescence micro-
scope, and images were captured with a CCD Spot camera. Three
stained sections from one mouse were used for quantification, which
was conducted in a blinded manner.

Fluorescence in situ hybridization (FISH)

The collection procedure for the spinal cord is the same as immuno-
fluorescence staining. The 12-pm-thick frozen sections of the spinal
cord were mounted onto Superfrost Plus slides (FisherScientific,
USA). The probes directed against mouse Drd1 (#461901), slc17a6
(#319171), Grp (#317861), and Grpr (#317871) were designed by
Advanced Cell Diagnostics. The FISH for these probes was
performed according to the RNAscope system described in the Mul-
tiplex Fluorescence Kit v2 (Advanced Cell Diagnostics, #323100). In
some cases, sections were counterstained with DAPI (Life Technolo-
gies) to show cell nuclei.
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Single-cell RT-PCR

The processing procedure of spinal cord slices from Drd1-tdTomato
mice is the same as the preparation for slice electrophysiology. The
single-cell RT-PCR protocol was performed as we previously
described (Zhang et al, 2018). Briefly, tdTomato* neurons in spinal
slices were inhaled into an RNAase-free glass pipette with a tip
diameter of ~ 20 pm, and then carefully pushed into a tube
containing the reverse transcription reagents. The first step of the
reaction was performed to remove the genomic DNA (Invitrogen;
#AM2235) at the condition of 37°C for 40 min and then 80°C for
10 min. The second step of the reaction was reversely transcribed
from RNA to cDNA by using the Reverse Transcription System (Invi-
trogen; #18080-051) at the condition of 50°C for 50 min and 70°C
for 15 min. The harvested cDNA was then used in a two-round PCR
(Takara, #RR820A). The first round of PCR was performed in 10 pl
of PCR buffer containing “outer” primers of Drd1, Grp, NeuN, and
Gapdh, respectively. The amplification of the first round of PCR was
set at 95°C for 5 min, followed by 30 cycles of 40 s for 95°C, 40 s
for 58°C, 40 s for 72°C, and then completed at 72°C for 7 min of
final elongation. The DNA products of the first-round PCR were
diluted 1,000-fold to amplify in the second round of PCR, which
contained 10 pl of PCR buffer with the corresponding “inner”
primers. The amplification condition was the same as the first round
of PCR. The RT-PCR procedure for the negative control is the same
as above, except there is no neural tissue in the collecting bath solu-
tion. The final PCR products were visualized and identified by
GelRed® fluorescent nucleic acid dye (Biotium, #41003) in 3% aga-
rose gels. The sequences of single-cell PCR primers are listed in
Appendix Table S2.

Electrophysiological slice recording

The spinal cord and brain were quickly removed from the trans-
genic mice under deep anesthesia using isoflurane and then
immersed in an ice-cold slicing solution with continuously oxygen-
ated in 95% O, plus 5% CO,. The slicing solution contains (in mM):
235 sucrose, 25 NaHCO;, 3 KCl, 1.25 NaH,P0,, 1 CaCl,, 2.5 MgCl,,
and 10 glucose. Coronal cervical spinal cord slices (400 pm thick)
and brain slices (300 pm thick) were cut with a vibratome
(VT1000S; Leica). Slices were transferred into oxygenated (95%
0, + 5% CO,) artificial cerebrospinal fluid (aCSF) containing (in
mM): 125 NaCl, 3 KCl, 1.2 NaH,P0O,, 2.5 CaCl,, 1.2 MgCl,, 25
NaHCOj; and 25 glucose at 34°C for 30 min, and then recovered at
room temperature for 1.5 h before recording. Following recovery,
the slices were transferred to a recording chamber and continuously
perfused with oxygenated aCSF at a rate of 1 ~ 2 ml/min. The
intracellular solution contains the following (in mM): 120 K-
gluconate, 10 HEPES, 20 KCl, 0.2 EGTA, 2 MgCl,, 0.3 GTP-Tris, and
4 Na,ATP, pH 7.2 ~ 7.4 (adjusted by KOH). Fluorescence-marked
(tdTomato or mCherry-labeled) neurons in the SDH or the A11 were
visualized using a microscope (BXS51WI, Olympus, Japan) with
epifluorescence, CMOS camera, and a high-power LED fluorescence
light source (Lambda HPX-L5, Sutter Instrument). Whole-cell patch-
clamp recordings on fluorescence-labeled neurons were conducted
using an amplifier (Multiclamp 700B; Molecular Devices) and digi-
tizer (DigiData 1440A; Molecular Devices). Signals were digitized at
10 kHz and low-pass filtered at 2 kHz. Membrane input resistance
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was continuously monitored by using a current pulse of —10 pA fol-
lowing each test. Data were discarded when the series resistance
changed > 20% from their original state during the recording. After
establishing the whole-cell configuration, a series of 1 s duration
depolarizing current pulses (0-100 pA, +10 pA/step) were injected
into the cell to evoke action potentials. After a stable current-clamp
recording (baseline), 10 pM CNO was added into the aCSF to contin-
uously perfuse the spinal or brain slice for 5 min to test the effec-
tiveness of hM4Di and hM3Dq expressed in DRD1* or dopaminergic
neurons. To check the effect of dopaminergic®''SP! neurons on the
activity of spinal DRD1* neurons, current-clamp recordings combing
with optogenetics were performed in spinal slices prepared from
mice expressing hChR2 in dopaminergic®''S°" neurons and tdTo-
mato in spinal DRD1" neurons. The laser power at the tip of the
optic fiber was 2 ~ 3 mW/cm?, and the bursting stimulation
contained five pulses at 20 Hz that was repeated every 1,000 ms. To
determine the type of synaptic connection from spinal DRD1* neu-
rons to GRPR™ neurons, voltage-clamp recordings combing with
optogenetic methods were performed in spinal slices prepared from
mice expressing hChR2 in DRD1* neurons and EGFP in GRPR™ neu-

ALLSDH heyrons

rons. DRD1* neurons or terminals of dopaminergic
were irradiated with light (470 nm, 2 ms) emitted from an LED

plate.
Statistical analysis

All data were presented as mean + SEM and analyzed using GraphPad
Prism 8.0.1 software. The sample size of each experiment was pro-
vided in the Results. Statistical analysis of two experimental groups
was performed using a two-tailed Student’s t-test. Comparisons of
more than two groups were performed using one-way ANOVA or two-
way repeated-measures (RM) ANOVA followed by post-hoc Bonfer-
roni’s test. The criterion for statistical significance was P < 0.05.

Data availability

The datasets generated during this study are available from the
corresponding authors upon reasonable request. This study includes
no data deposited in external repositories.

Expanded View for this article is available online.
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