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Spinal gastrin-releasing peptide receptor-expressing (GRPR") neu-
rons play an essential role in itch signal processing. However, the
circuit mechanisms underlying the modulation of spinal GRPR*
neurons by direct local and long-range inhibitory inputs remain
elusive. Using viral tracing and electrophysiological approaches,
we dissected the neural circuits underlying the inhibitory control
of spinal GRPR* neurons. We found that spinal galanin® GABAergic
neurons form inhibitory synapses with GRPR* neurons in the spinal
cord and play an important role in gating the GRPR* neuron-
dependent itch signaling pathway. Spinal GRPR* neurons also re-
ceive inhibitory inputs from local neurons expressing neuronal nitric
oxide synthase (nNOS). Moreover, spinal GRPR* neurons are gated
by strong inhibitory inputs from the rostral ventromedial medulla.
Thus, both local and long-range inhibitory inputs could play impor-
tant roles in gating itch processing in the spinal cord by directly
modulating the activity of spinal GRPR* neurons.
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tch is an unpleasant sensation that evokes a desire for scratch-

ing, which in turn causes severe skin or tissue damage in patients
with chronic itch (1-3). The spinal cord plays an important role in
relaying itch information from peripheral tissue to the brain (2, 4,
5). Early electrophysiological studies showed that spinal neurons
are multimodal (6, 7). Recently, several key components of the
spinal circuits for chemical and mechanical itch have been iden-
tified in molecular and cellular studies (8-13), some of which have
indicated that there are itch-selective neurons in the spinal cord. It
has been shown that gastrin-releasing peptide receptor-expressing
(GRPR™) neurons in the dorsal spinal cord are critical for
chemical itch but not nociceptive signal processing (8, 9). How-
ever, little is known about the circuit mechanism underlying the
regulation of spinal GRPR* neurons.

Spinal inhibitory interneurons play an important role in gating
sensory information processing (5, 14, 15). Spinal inhibitory in-
terneurons can be classified into 4 largely nonoverlapping sub-
populations; namely, neurons that express galanin, those that
express neuronal nitric oxide synthase (nNOS), those that express
parvalbumin (PV), and those that express neuropeptide Y (NPY)
(16, 17). Recent studies have started to reveal the functional role of
spinal inhibitory neurons in sensory processing (15, 18-22). It has
been shown that spinal NPY-expressing (NPY*) neurons modulate
the mechanical itch pathway by gating spinal urocortin 3* and
NPY1R™" neurons (12, 13, 20). In addition, genetic studies sug-
gest a tonic inhibition of the spinal itch pathway by Bhlhb5-
expressing interneurons (22, 23). These Bhlhb5-expressing in-
terneurons modulate itch transmission through both the fast
inhibitory neurotransmitter gamma-aminobutyric acid (GABA)/
glycine and the slow inhibitory neuromodulator dynorphin (22).
The dynorphin-expressing neurons likely modulate itch pro-
cessing via suppressing spinal GRPR™ neurons (21). It remains
unknown how the different subtypes of spinal inhibitory neurons
directly modulate spinal GRPR* neurons.
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In addition, descending pathways can dynamically regulate the
spinal circuitry underlying itch processing. It has been shown that
the periaqueductal gray is involved in modulating spinal pruritic
processing by descending pathways via the rostral ventromedial
medulla (RVM) (24, 25). Moreover, serotonergic neurons in the
RVM facilitate spinal itch transmission by activating spinal
GRPR" neurons via 5-HT1A receptors (26). Given the diversity of
cell types in the RVM and the complexity of the GABAergic
modulation of spinal circuits (27-29), it remains to be determined
how excitatory or inhibitory neurons in the RVM modulate the
activity of spinal GRPR" neurons.

Here, we investigated the mechanisms underlying the modu-
lation of spinal GRPR™ neurons. We identified the subtype of
local inhibitory neurons that is critical for modulating itch signal
processing by gating the activity of spinal GRPR* neurons, and
demonstrated the direct inhibitory control of spinal GRPR*
neurons by the RVM.

Results

Functional Role of Different Subtypes of Spinal GABAergic Neurons in
Itch Processing. Previous studies have indicated that spinal inhibitory
neurons play an important role in regulating itch processing (5).
We first confirmed the functional role of spinal GABAergic
neurons in itch modulation with a pharmacogenetic approach.
We injected an adeno-associated virus (AAV) expressing
hM3Dgq, a designer receptor exclusively activated by designer drug
(DREADD) (30), in a Cre-dependent manner into the right side
of the cervical dorsal spinal cord of Vgat-Cre mice (SI Appendix, Fig.
S1 A and B). The control group was injected with AAV-DIO-EYFP.
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We found that pharmacogenetic activation of the spinal GABAergic
neurons almost completely abolished scratching behavior evoked
by intradermal injection of histamine, chloroquine (CQ), and
endothelin-1 (ET-1) (SI Appendix, Fig. S1 C-F). By contrast,
activation of the GABAergic neurons in the dorsal spinal cord
did not significantly affect locomotion, nor affect the scratching
behavior evoked by pruritogens injected into the contralateral side
(ST Appendix, Fig. S1 G-J). Furthermore, the activation of the
GABAergic neurons in the cervical dorsal spinal cord also increased
the withdrawal threshold in response to mechanical stimulation (S/
Appendix, Fig. S1K). These results confirmed that spinal inhibitory
neurons play a critical role in modulating itch processing.

Four subtypes of GABAergic neurons have been identified in
the dorsal spinal cord (16). Among these neurons, NPY* neurons
have been shown to gate GRPR™ neuron-independent mechanical
itch (20). However, the functional role of other subtypes of in-
hibitory interneurons, which are labeled with galanin, nNOS, or
PV, in itch signal processing remains unclear. We thus examined
the functional role of these 3 groups of spinal GABAergic neurons
in modulating itch. We injected AAV-DIO-hM3Dg-mCherry or
AAV-DIO-EYFP into the right cervical dorsal spinal cord of
galanin-Cre (Gal-Cre) mice (Fig. 14). The hM3Dq-mCherry was
expressed in the cervical dorsal spinal cord, but not in the dorsal
root ganglion (DRG) (Fig. 1B and SI Appendix, Fig. S2A4). In the
behavioral test, the pharmacogenetic activation of spinal galanin™
neurons significantly suppressed scratching behavior evoked by
both histamine and CQ (Fig. 1 C-E). In contrast, this manipula-
tion did not significantly affect motor function or locomotion (S
Appendix, Fig. S2 B and C). We further determined whether the
activation of spinal galanin® neurons also affects other somato-
sensations, especially nociception. We found that the pharmaco-
genetic activation of galanin* neurons in the lumbar dorsal spinal
cord did not significantly affect nociceptive responses to mechan-
ical, thermal, or chemical stimuli (SI Appendix, Fig. S2 D-H), in-
dicating that spinal galanin™ neurons play a negligible role in
modulating nociception.
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By the same approach, we examined the role of spinal PV*
neurons in itch processing. We found that activation of the
PV™" neurons in the cervical dorsal spinal cord did not signifi-
cantly affect scratching behavior in response to either histamine
or chloroquine (Fig. 1 F and G). Next, we examined the role of
spinal nNOS™ neurons. Surprisingly, the pharmacogenetic acti-
vation of the nNOS* neurons in the cervical dorsal spinal cord
evoked spontaneous scratching behavior in the absence of
pruritogens (Fig. 1H). We found that nNOS and GRPR were
coexpressed in a small fraction of neurons in the dorsal spinal
cord (SI Appendix, Fig. S3). Thus, the pharmacogenetic activa-
tion of nNOS™ neurons could have activated a small proportion
of spinal GRPR* neurons, leading to robust scratching behavior.
Taken together, these results indicate that spinal galanin™
GABAergic neurons play a critical role in modulating itch
processing.

Ablation of Spinal Galanin® Neurons Enhanced Itch Processing. We
next asked whether spinal galanin® neurons are necessary for
gating itch processing at the spinal level. To address this ques-
tion, we examined the effect of ablating the spinal galanin™
neurons on itch processing by a caspase-3-based method (31).
We injected AAV-flex-taCasp3-TEVp or AAV-DIO-EYFP into
the right cervical dorsal spinal cord of Gal-Cre mice (Fig. 24).
The number of galanin* neurons in the cervical dorsal spinal
cord decreased significantly in mice injected with AAV-flex-
taCasp3-TEVp compared with the control group (Fig. 2 B-D).
Consistent with the partial overlap between galanin®™ and dynorphin™
neurons (17), the number of dynorphin™ neurons also decreased
(SI Appendix, Fig. S4 A and B). In contrast, the number of PKCy*,
GRPR™ neurons, and the density of primary sensory fibers did not
change significantly (Fig. 2 B, C, and E and SI Appendix, Fig. S4 A,
C, and D). The galanin™ neurons in the DRG were not affected
(SI Appendix, Fig. S5 A and B).

Next, we tested the behavioral effect of ablating spinal galanin™
neurons. We found that the number of scratching bouts evoked
by histamine increased significantly after ablation of spinal galanin*
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Modulation of itch processing by different subtypes of spinal GABAergic neurons. (A) A schematic showing the unilateral injection of AAV-DIO-

hM3Dg-mCherry or AAV-DIO-EYFP virus into the dorsal spinal cord of Gal-Cre mice. (B) Image showing mCherry-expressing neurons (red) in the dorsal spinal
cord with post hoc immunohistochemistry for mCherry. (Scale bar, 100 pm.) (C) A timeline of the behavioral experiments. (D and E) The effects of the
pharmacogenetic activation of galanin® neurons in the dorsal spinal cord by the injection of CNO (1 mg/kg, i.p.) on scratching behavior induced by histamine
(D) or chloroquine (E), n = 7 mice, 2-way ANOVA. (F and G) The effects of the pharmacogenetic activation of PV* neurons in the dorsal spinal cord by the
injection of CNO (1 mg/kg, i.p.) on scratching behavior induced by histamine (F) or chloroquine (G), n = 7 mice, 2-way ANOVA. (H) Behavioral responses after
the pharmacogenetic activation of nNOS* neurons in the dorsal spinal cord, n = 6 mice, 2-way ANOVA. All error bars represent the SEM. *P < 0.05, **P < 0.01,

***%p < 0.001.
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Effects of the ablation of spinal galanin* neurons on itch signal processing. (A) A schematic showing the unilateral injection of AAV-flex-taCasp3-TEVP

or AAV-DIO-EYFP virus into the dorsal spinal cord of Gal-Cre mice. (B and C) A graph showing the distribution of galanin™ and PKCy* neurons in the spinal
cord of Gal-Cre::EYFP (B) and Gal-Cre::Caspase-3 (C) mice. (Scale bar, 200 pm.) (D and E) A summary of the number of galanin™ (D) and PKCy™ (E) neurons in
the dorsal horn. n = 3 mice, unpaired t test. (F-J) The effects of the ablation of spinal galanin™ neurons on scratching behavior induced by histamine (F),
chloroquine (G), endothelin-1 (H), compound 48/80 (/), or serotonin (J). (K) The effects of the ablation of spinal galanin* neurons on basal scratching behavior
without any pruritic agents. (L) The effects of the ablation of spinal galanin* neurons on locomotor activity. (M) The ablation of galanin® neurons in the spinal
cord did not affect the mechanical threshold in the nape pain test. All error bars represent the SEM. n = 6 mice in each group, Mann-Whitney U test. *P <

0.05, **P < 0.01, ***P < 0.001. Contra., contralateral; Ipsi., ipsilateral.

neurons (Fig. 2F), supporting that galanin* neurons are necessary
for gating itch processing at the spinal level. Consistently, this
manipulation also significantly increased the scratching behavior
induced by CQ, ET-1, compound 48/80, or serotonin (5-HT; Fig. 2
G-J). In contrast, the ablation of spinal galanin® neurons did not
affect the scratching behavior on the contralateral side of virus
injection, spontaneous scratching behavior, locomotor activity, or
nociceptive responses (Fig. 2 K-M, and SI Appendix, Fig. S5 C and D).
These results further support the idea that spinal galanin* neurons
play a critical role in dynamically modulating spinal itch signal
transmission.

Verification of GRPR-FIpo Mice. We next aimed to determine the
functional synaptic connection between different subtypes of
spinal GABAergic neurons and GRPR* neurons. To achieve this
goal, we planned to record from spinal GRPR* neurons by
patch-clamp recording while activating distinct subpopulations of
spinal GABAergic neurons with optogenetics. We generated
a GRPR-Flpo mouse line, which allowed us to label GRPR*
neurons and GABAergic neurons when crossed with Cre mouse
lines specific for different subtypes of GABAergic neurons. We
first verified the specificity of the GRPR-Flpo mouse line. By
crossing GRPR-Flpo mice with the Flpo-dependent reporter
mouse line (32) (Fig. 34), we found that the distribution of the
green fluorescent protein (GFP)-positive neurons in the brain
and spinal cord was similar to that of Grpr* neurons (Fig. 3B and
SI Appendix, Fig. S6). Next, we further examined whether these
GFP™" neurons in the spinal cord of GRPR-Flpo/H2B-GFP mice
were GRPR positive by double staining. We found that 92.4% of
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Grpr* neurons in the spinal cord were positive for GFP, and
85.1% of GFP" neurons in the spinal cord were positive for Grpr
(Fig. 3 B and C), indicating the high specificity and efficiency
of the GRPR-Flpo mouse line. Consistently, bath application of
GRP (300 nM) induced the progressive depolarization of all of
the recorded GFP* neurons in the dorsal spinal cord of GRPR-
Flpo/H2B-GFP mice (Fig. 3 D-F).

Previous studies showed that the activation of spinal GRPR
evokes scratching behavior (8, 33). We injected the AAV-fDIO-
hM3Dg-mCherry into the cervical spinal cord of GRPR-Fipo
mice and found that pharmacogenetic activation of the spinal
GRPR™ neurons induced robust scratching behavior (Fig. 3 G-1).
Moreover, we injected the AAV-fDIO-hM4Di-mCherry into
the lumbar spinal cord of GRPR-Flpo mice and found that
pharmacogenetic inhibition of the spinal GRPR™ neurons did
not significantly affect nociceptive responses to mechanical,
thermal, or chemical stimuli (SI Appendix, Fig. S7). These re-
sults are consistent with the results from previous studies (8, 9).
Together, these results indicate that spinal GRPR* neurons are
specifically labeled with the GRPR-Flpo mouse line.

Local Inhibitory Control of Spinal GRPR* Neurons. With the GRPR-
Flpo mouse line, we next examined the functional synaptic con-
nection between spinal GABAergic neurons and GRPR* neurons.
Given that spinal galanin* neurons are important for modulating
itch processing, we first examined the synaptic connection between
spinal galanin® neurons and GRPR* neurons. By crossing the
GRPR-Flpo mouse line with the Gal-Cre mouse line, we obtained
a Gal-Cre/GRPR-Flpo double transgenic mouse line. We injected
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Fig. 3. Verification of the GRPR-FIpo mouse line. (A) GRPR-FIpo mice were
crossed with H2B-GFP mice. The stop cassette (octagon) was flanked by 2 Frt
sites (triangles) and was excised in GRPR* neurons by Flpo recombinase. (B)
The expression of Grpr and GFP in the dorsal spinal cord. (Scale bar, 200 pm.)
(C) The percentage of neurons expressing both Grpor mRNA and GFP, n =6
mice. (D) A schematic showing the experimental configuration for record-
ings in cervical spinal cord slices of GRPR-FIpo/H2B-GFP mice. (E) Response
elicited by bath application of GRP (300 nM) were recorded from a GFP*
neuron in ACSF containing NBQX (10 pM), CPP (5 pM), PTX (50 pM), and STR
(2 pM), n = 6 from 2 mice. (F) A summary graph showing resting membrane
potential before (black) and after GRP application (magenta), n = 6 from 2
mice, Wilcoxon signed-rank test. (G) A schematic showing the unilateral
injection of AAV-fDIO-hM3Dg-mCherry or AAV-fDIO-EYFP virus into the
dorsal spinal cord of GRPR-FIpo mice. (H) The expression of hM3Dg-mCherry
in the dorsal spinal cord. (Scale bar, 200 pm.) (/) The effects of the pharma-
cogenetic activation of GRPR* neurons in the dorsal spinal cord by the in-
jection of CNO (1 mg/kg, i.p.) on scratching behavior, n = 6 to 7 mice in each
group, 2-way ANOVA. All error bars represent the SEM. *P < 0.05, ***P <
0.001. RMP, resting membrane potential; GRP, gastrin-releasing peptide.
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AAV-DIO-ChR2-mCherry and AAV-fDIO-EYFP virus into the
cervical dorsal spinal cord of these mice to selectively express
ChR2 in galanin® neurons and enhanced yellow fluorescent pro-
tein (EYFP) in GRPR™ neurons (Fig. 44). In cervical spinal cord
slices, we recorded GRPR* neurons labeled with EYFP by
whole-cell patch-clamp recording. The optogenetic activation of
spinal galanin™ neurons evoked inhibitory postsynaptic currents
(IPSCs) in GRPR™ neurons, but light-evoked excitatory post-
synaptic currents (EPSCs) were not detected (Fig. 4 B and C).
The light-evoked IPSCs were blocked by bath application of the
GABA, receptor antagonist picrotoxin (PTX) and the glycine
receptor antagonist strychnine (STR; Fig. 4 C and D). As GABA
and glycine are often coreleased from spinal GABAergic neu-
rons (34), the 2 antagonists were applied together. These results
indicate that spinal galanin™ neurons form inhibitory synapses
with GRPR™ neurons.

By the same approach, we next examined the synaptic con-
nection between spinal nNOS™ neurons and GRPR* neurons.
The optogenetic activation of spinal nNOS* neurons evoked
both IPSCs and EPSCs in GRPR™ neurons (Fig. 4 E-H), which is
consistent with the observation that spinal nNOS* neurons
consist of both inhibitory and excitatory neurons (35). In a small
subset of GRPR* neurons, we also observed direct light-evoked
currents, which is consistent with the colocalization of nNOS and
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GRPR in the dorsal spinal cord, and these neurons were ex-
cluded from further analysis. Next, using PV-Cre/GRPR-Flpo
double transgenic mice, we examined the synaptic connection
between spinal PV* neurons and GRPR* neurons. We found
that the optogenetic activation of spinal PV* neurons evoked
EPSCs in a small subset of GRPR™ neurons (2 out of 35 neurons,
Fig. 4 I-L), and we did not detect light-evoked IPSCs in spinal
GRPR™ neurons.

Long-Range Inhibitory Inputs to Spinal GRPR* Neurons Originated
from the RVM. Descending pathways have been implicated in
itch modulation (4, 25, 26). We thus determined whether spinal
GRPR™* neurons also receive direct long-range descending in-
puts from supraspinal regions by using rabies virus tracing (36).
We injected helper AAV virus encoding Cre-dependent avian
sarcoma leucosis virus glycoprotem EnvA receptor (AAV-flex-

TC®T) mixed with AAV virus encoding rabies virus envelope
glycoprotein (AAV-flex-RG), followed by injecting RV-EnVA-
EGFP in the cervical spinal cord of GRPR-iCreERT2 mice. To
induce the Cre recombinase, mice were treated with tamoxifen for
5 consecutive days after injection of AAV-flex-TC*T and AAV-
flex-RG. We collected brain and spinal tissue 10 d after the in-
jection of RV-EnVA-EGFP (SI Appendix, Fig. S8 A and B).
Neurons coexpressing mCherry and EGFP, identified as starter
cells, were restricted to the superficial dorsal horn. We detected
some nearby neurons expressing only EGFP, most of which rep-
resented the presynaptic partners of GRPR* neurons in the local
circuits (SI Appendix, Fig. S8 C-E), as this modified method has
less leakage (36). In the brain, EGFP* neurons were detected in
the RVM, suggesting that RVM neurons form direct synapses
with spinal GRPR* neurons (SI Appendix, Fig. S8G). Consistent
with previous observations (26), a small percentage of the pre-
synaptic neurons of spinal GRPR* neurons in the RVM are se-
rotoninergic (SI Appendix, Fig. S8 F and H-J).

We further examined direct synaptic inputs from the RVM to
spinal GRPR™ neurons by slice electrophysiology. We injected
AAV-hSyn-ChR2-mCherry into the RVM of GRPR-Fipo/H2B-
GFP mice (Fig. 54) and recorded GRPR™ neurons labeled with
GFP in cervical spinal cord slices by whole-cell patch-clamp re-
cording (Fig. 5B). We found that the photostimulation of ChR2™*
fibers originating from the RVM evoked predominately IPSCs
with small EPSC components in spinal GRPR" neurons (Fig. 5 C,
E, and F). The light-evoked IPSCs were blocked by bath ap-
plication of the GABA, receptor antagonist picrotoxin and the
glycine receptor antagonist strychnine (Fig. 5 C and D). These
results support the idea that the RVM can also modulate the
activity of spinal GRPR* neurons via direct inhibitory synaptic
connections.

Discussion

In this study, we examined local and long-range inhibitory inputs
to the spinal GRPR* neurons and determined the subtype of
spinal inhibitory neurons essential for gating itch processing at
the spinal level. Our results revealed that 3 subtypes of spinal
GABAergic neurons exhibit diverse inhibitory and excitatory
control of GRPR™ neurons. We found that spinal galanin*
neurons mainly form inhibitory synapses with GRPR* neurons
and play an important role in gating the itch pathway. In addi-
tion, spinal GRPR* neurons are also modulated by descending
inhibitory inputs from the RVM.

Spinal inhibitory neurons play important roles in dynamically
modulating itch signal processing (2, 4, 5). Our results demon-
strated that spinal galanin* neurons play a critical role in sup-
pressing itch processing at the spinal level. This was supported by
both electrophysiological and behavioral results. We showed that
spinal galanin* neurons form functional inhibitory synapses with
spinal GRPR* neurons, as evidenced by the observation that the
optogenetic activation of spinal galanin® neurons evoked IPSCs
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Fig. 4.

Synaptic inputs from local GABAergic neurons to spinal GRPR* neurons. (A) A schematic showing the unilateral injection of AAV-DIO-ChR2-mCherry

and AAV-fDIO-EYFP into the dorsal spinal cord of Gal-Cre/GRPR-Flpo mice. (B) Post hoc staining of a recorded EYFP* neuron for biocytin (blue) and mCherry*
fibers. (Scale bar, 10 pm.) (C) Responses evoked by the photostimulation of galanin® neurons or fibers in a spinal GRPR* neuron in ACSF and in the presence of
picrotoxin and strychnine. Blue bar, LED stimulation (475 nm, 1 ms). (D) Summary data showing the amplitude of IPSCs recorded in GRPR* neurons evoked by
the photostimulation of galanin™ neurons or fibers before and after the application of picrotoxin and strychnine, n = 6 neurons from 3 mice, Wilcoxon signed-
rank test. *P < 0.05. (E) A schematic showing the injection of AAV-DIO-ChR2-mCherry and AAV-fDIO-EYFP into the spinal cord of Nos7-Cre/GRPR-Flpo mice. (F)
Post hoc staining of a recorded EYFP* neuron for biocytin (blue) and mCherry* fibers. (Scale bar, 10 pm.) (G) EPSC and IPSC recorded from a GRPR* neuron
after the photostimulation of spinal NNOS* neurons. Blue bar, LED stimulation (475 nm, 1 ms). (H) A summary of the amplitudes of EPSCs (11/23 neurons) and
IPSCs (17/23 neurons) in GRPR™ neurons evoked by the photostimulation of spinal nNOS* neurons. (/) A schematic showing the injection of AAV-DIO-ChR2-
mCherry and AAV-fDIO-EYFP into the spinal cord of PV-Cre/GRPR-Flpo mice. (J) Post hoc staining of a recorded EYFP* neuron for biocytin (blue) and mCherry*
fibers. (Scale bar, 10 um.) (K) EPSC recorded from a GRPR* neuron after the photostimulation of spinal PV* neurons. Blue bar, LED stimulation (475 nm, 1 ms).

(L) A summary of the connection rate from spinal galanin®, nNOS™ or PV* neurons to GRPR™ neurons. All error bars represent the SEM.

but not EPSCs in spinal GRPR* neurons. As spinal GRPR"
neurons play a critical role in itch processing (9), galanin™ neu-
rons can dynamically modulate itch processing by modulating the
activity of spinal GRPR" neurons. The important role of spinal
galanin™ neurons in itch modulation is further supported by the
behavioral results showing that the pharmacogenetic activation
of spinal galanin* neurons suppressed pruritogen-evoked scratching
behaviors. Consistently, the ablation of spinal galanin® neurons
amplified the itch signal. This is in line with previous observation
that the number of galanin® neurons is reduced in the spinal cord
in Bhlhb5 mutant mice, which exhibit spontaneous scratching be-
havior (23). However, we did not observe spontaneous scratching
behavior after the ablation of spinal galanin® neurons, although
spinal galanin®™ neurons account for a large proportion of Bhlhb5-
expressing neurons (22). Several reasons may explain this differ-
ence. The loss of Bhlhb5 causes a decrease in the number of not
only galanin* neurons but also other subtypes of neurons (22, 23);
thus, the spontaneous scratching behavior observed in BhlhbS
mutant mice may be due to the loss of other types of neurons.
Moreover, we ablated galanin® neurons at the adult stage, while
Bhlhb5 mutant mice lack Bhlhb5 congenitally. Furthermore, the
region of ablation in the spinal cord was much more restricted in
our study. Nevertheless, our results suggest that galanin™ neurons
play a key role in dampening strong itch signals, but do not ton-
ically suppress the itch pathway. Although we emphasize the im-
portant role of spinal galanin®™ neurons in controlling the activity
of spinal GRPR" neurons, we do not exclude the possibility that
spinal galanin®™ neurons influence itch transmission by targeting

Liu et al.

other types of neurons in the spinal cord; for example, spinal GRP*
neurons that could also be important for itch processing (37).

Galanin™ neurons in the dorsal spinal cord largely overlap with
dynorphin® neurons (16, 38). This is in line with our observation
that the number of spinal dynorphin™ neurons was reduced sig-
nificantly after the ablation of spinal galanin® neurons. More-
over, the behavioral results obtained by manipulating galanin™
neurons are consistent with the observation that the pharmaco-
genetic activation of spinal dynorphin* neurons also suppresses
pruritogen-evoked scratching behaviors (21). Interestingly, the
activation of spinal dynorphin® neurons also enhances me-
chanical pain (21), whereas we observed no significant effect on
pain sensitivity after the pharmacogenetic activation of spinal
galanin* neurons. Given that dynorphin* neurons consist of both
excitatory and inhibitory interneurons, it is likely that excitatory
dynorphin® interneurons play a critical role in modulating me-
chanical pain (21). However, our study is inconsistent with a
study by Duan et al. (39), which showed that itch processing was
not affected by the ablation of spinal dynorphin* neurons. This
discrepancy may be due to the difference in strategies used for
manipulating the spinal dynorphin™ neurons. The strategy used
in the study by Duan et al. might have captured cells that tran-
siently express dynorphin during development.

Spinal interneurons play diverse roles in gating sensory in-
formation processing (5, 40, 41). Among the 4 major subtypes of
spinal inhibitory neurons, NPY* neurons have been shown to be
important for gating mechanical itch, likely in a GRPR™ neuron-
independent manner (12, 13, 20). In our study, we examined the
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Fig. 5. Synaptic inputs from the RVM to spinal GRPR* neurons. (4) A

schematic showing the injection of AAV-hSyn-ChR2-mCherry into the RVM
of GRPR-FIpo/H2B-GFP mice followed by patch clamp recording of GFP*
neurons in the dorsal spinal cord. (B) Post hoc staining of a recorded GRPR*
neuron for biocytin (blue) and mCherry* fibers. (Scale bar, 10 pm.) (C) Re-
sponses evoked by the photostimulation of ChR2-mCherry* fibers in a spinal
GRPR™ neuron in ACSF and in the presence of picrotoxin and strychnine. Blue
bar, LED stimulation (475 nm, 1 ms). (D) Summary data showing the amplitude
of IPSCs recorded in GRPR* neurons evoked by the photostimulation of ChR2-
mCherry* fibers before and after the application of picrotoxin and strychnine,
n = 6 neurons from 3 mice, Wilcoxon signed-rank test. *P < 0.05. (E) A sum-
mary showing the amplitudes of EPSCs (7/14 neurons) and IPSCs (9/14 neurons)
recorded in spinal GRPR* neurons induced by the photoactivation of ChR2*
fibers from the RVM. (F) The connectivity of spinal GRPR* neurons receiving
different inputs from the RVM is shown. All error bars represent the SEM.

potential role of the other 2 subtypes of spinal inhibitory neurons in
addition to galanin®™ neurons. We found that spinal PV* neurons
play a negligible role in modulating itch processing, as evidenced by
the result showing that the activation of spinal PV" neurons did not
significantly affect pruritogen-evoked scratching behaviors. Con-
sistently, we showed that spinal PV" neurons only form functional
excitatory synapses with spinal GRPR* neurons with very low
probability. Spinal PV* neurons are likely involved in gating touch-
evoked pain (18). In addition, we found that the activation of spinal
nNOS* neurons evoked spontaneous scratching behavior, although
a previous study showed that the activation of spinal nNOS*
neurons do not affect itch-related behavior induced by chloroquine
(21). This may be due to different virus injection sites and differ-
ential labeling efficiency of nNOS™ neurons in the 2 different
mouse lines. The spontaneous scratching behavior induced by the
activation of the nNOS* neurons is likely due to the coexpression
of nNOS and GRPR. It is worth noting that neurons labeled by a
single molecular marker may be functionally heterogeneous, as
exemplified by the fact that spinal nNOS* neurons can be both
excitatory and inhibitory. Our results showed that both excitatory
and inhibitory nNOS* interneurons synapse with spinal GRPR*
neurons. It is possible that inhibitory nNOS* interneurons might
also be involved in modulating itch signal processing. However,
given the overlap between nNOS™ and GRPR™ neurons at the
spinal level, the effect of inhibitory nNOS™ interneurons may
have been masked by excitatory nNOS™ interneurons in the
behavioral tests. Therefore, the involvement of different subsets
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of spinal nNOS* neurons in itch signal processing remains to be
further characterized.

The long-range descending pathway also plays an important
role in modulating the spinal itch signal processing (25). Our
results showed that RVM neurons form functional inhibitory
synapses with spinal GRPR* neurons. As synaptic inputs from
the RVM to the spinal GRPR* neurons are largely inhibitory,
the RVM can directly suppress spinal itch processing. However,
our previous study suggested that the RVM plays a critical role
in the descending facilitation of spinal itch processing initiated by
the periaqueductal gray (PAG) (25). Thus, it is likely that the
RVM can modulate spinal itch processing via multiple parallel
pathways. One possible scenario is that RVM neurons can facil-
itate spinal itch processing via disinhibition by recruiting local
inhibitory neurons. A similar mechanism has been demonstrated
for pain modulation by the RVM (29). In addition, serotonergic
neurons in the RVM also form synapses with spinal GRPR™
neurons, as demonstrated by our viral tracing experiments. This
is consistent with a previous study showing that serotonergic
neurons in the RVM can facilitate spinal itch processing via a
direct interaction between 5-HT1A and GRPR receptors
expressed in GRPR" neurons (26). Thus, the RVM can bi-
directionally control spinal itch processing via different descending
projections.

In summary, our study revealed the local and long-range in-
hibitory circuits that gate itch signal processing, probably via the
direct regulation of the spinal GRPR* neurons (SI Appendix,
Fig. S9). These results expand our knowledge of the neural cir-
cuits underlying itch modulation at the spinal level and pave the
way for further dissecting the circuit mechanism of itch signal
processing.

Materials and Methods

Full detailed information about the materials and methods used in our study
can be found in S/ Appendix, Materials and Methods. All relevant data are
available in the main text and S/ Appendix. There is no restriction on data
availability in this manuscript. All code for analysis can be made available by
the corresponding author upon reasonable request.

Animals. All procedures were approved by the Animal Care and Use Com-
mittee of the Institute of Neuroscience, Chinese Academy of Sciences,
Shanghai, China.

Behavior Tests. Animals were habituated to the testing room for at least 2 d before
all behavioral tests.

Electrophysiological Slice Recording. Slice electrophysiology was performed as
described previously (42). Cervical segments of the spinal cord were excised
and transverse spinal cord slices (290 pm) were sectioned at slicing speed of
0.07 mm/s. Forty-five minutes after recovery, the slices were then transferred
into a recording chamber and perfused with oxygenated artificial cerebro-
spinal fluid (ACSF) at 3 mL/min at 30 to 32 °C

Statistical Analysis. All statistical analysis was 2-tailed comparisons. All data
met the assumptions of the statistical tests used.
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