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SUMMARY  

Various populations of spinal inhibitory neurons have been implicated in itch inhibition, but the 

precise mechanisms underlying tonic gating of itch and its inhibition by pain remain incompletely 

understood. Here, we identify a subset of inhibitory interneurons that uniquely express neurokinin 

receptor 3 (NK3R) in the spinal cord of mice. NK3R neurons receive monosynaptic input from 

Tac1+ sensory neurons, which release substance P (SP) and project directly to gastrin-releasing 

peptide receptor (GRPR)-expressing neurons that are dedicated to itch transmission. Silencing of 

NK3R inhibitory neurons disinhibits GRPR neurons and induces neuropathic itch, whereas their 

activation profoundly impairs itch but not pain transmission. These findings suggest that spinal 

NK3R inhibitory neurons serve as a pivotal and specific microcircuit for tonically gating of itch, 

and that the SP-NK3R-GRPR pathway may underlie the inhibition of itch by pain that activates 

the primary afferents to release SP onto the spinal cord.  
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INTRODUCTION 

Itch information is encoded and transmitted via itch-specific neuropeptides released from 

primary afferents to itch-specific circuits in the spinal cord1. Notably, spinal excitatory 

interneurons expressing gastrin-releasing peptide receptors (GRPR) act as a central convergence 

point for transmitting distinct types of itch to the brain 1-7. As a warning signal, itch also evokes 

an urge to scratch, resulting in rapid and transient suppression of itch sensation. In addition, 
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brainstem circuits regulate itch and pain in opposing ways 8,9, highlighting the complex 

mechanisms underlying the antagonism between itch and pain at different levels. Earlier studies 

indicated that both noxious and innocuous counterstimuli can inhibit itch through inhibiting spinal 

dorsal horn neurons 10-12. Accordingly, much of the research on the inhibitory control of itch has 

focused on identifying spinal inhibitory neurons that act on GRPR neurons. In the spinal cord of 

mice, several partially overlapping subsets of inhibitory neurons have been examined using distinct 

mouse Cre lines expressing neuropeptide Y (Npy), galanin, and prodynorphin (Pdyn) 13-18. Among 

them, galanin and NPY neurons have been shown to directly inhibit GRPR neurons via GABA-

mediated synaptic inhibition, and all these inhibitory neurons can also inhibit pain 13,15,19-22. 

However, developmental ablation of putative inhibitory neurons may also have contributed to 

dorsal horn circuit adaptation and plasticity and therefore confound interpretation. As a result, 

whether a dedicated inhibitory circuit that selectively inhibits itch without affecting pain exists in 

the adult spinal cord remains unresolved. Moreover, the molecular mechanisms that activate these 

inhibitory circuits remain unknown. Finally, it remains unclear whether an inhibitory circuit 

tonically gates spontaneous itch but not pain in the adult spinal cord.  

G protein-coupled receptors (GPCRs) play a critical role in the transmission of pain and itch 23. 

Spinal circuits mediating somatosensory modalities with slow kinetics, such as itch and pleasant 

touch, can be well defined by the non-overlapping expression of GPCRs activated by 

neuropeptides released from primary afferents 3,24. We reasoned that the inhibitory circuit for itch 

may similarly be defined by GPCR expression, especially those involved in inhibiting itch by 

counterstimuli with slow kinetics (e.g., chemical pain). For example, intraplantar injection of 

AITC or mustard oil, a TRPA1 agonist that could induce chemical pain via the activation of 

TRPA1 nociceptors 25, inhibits itch 8. Such a pain-mediated itch is through the inhibition of GRPR 
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neurons via GABAergic transmission within the dorsal horn 26. This prompted us to search for 

GPCR-defined inhibitory circuits that can be activated by painful stimuli. Substance P (SP), a well-

established neuropeptide involved in various types of pain signaling in sensory neurons  27, belongs 

to the neurokinin (or tachykinin) family, also comprising neurokinin A (NKA) and neurokinin B 

(NKB) 28. All three peptides bind to neurokinin receptors NK1-3 with varying affinity 29. 

Numerous studies have shown that a wide array of noxious stimuli, including mechanical, intense 

noxious thermal, and cold 30,31, electrical, inflammatory, and neuropathic pain 32,33 (for review, see 

27,29,34), can trigger SP release in the spinal cord. This suggests that SP may activate spinal 

inhibitory neurons expressing NK receptors to suppress itch. In a search for neurokinin receptors 

expressed in spinal interneurons, we identified NK3R as a GPCR uniquely expressed in a subset 

of inhibitory neurons within the superficial dorsal horn. In contrast to extensive research on NK1R-

expressing projection neurons in pain transmission, which are widely considered to be activated 

by SP released from primary afferents, NK3R inhibitory interneurons have drawn scant attention. 

In this study, we tested the hypothesis that NK3R-inhibitory neurons mediate SP-induced 

inhibition of itch. 

 

RESULTS  

NK3R neurons represent a unique population of interneurons in the spinal cord 

To examine the anatomical position of NK3R neurons in the spinal cord, we utilized and validated 

GENSAT’s transgenic Nk3r-eGFP or Nk3rGFP mouse line by in situ hybridization (ISH) followed 

by immunohistochemical staining (IHC) of eGFP. The majority of eGFP cells (91.5%) express 

Nk3r, whereas eGFP captures 72.1% of Nk3r neurons (Figure 1A). eGFP was predominantly 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.09.04.000324. This version posted September 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 

6 
 

localized in outer lamina II (lamina IIo) and a few in lamina I, where CGRP fibers are present 

(Figure 1B). Some eGFP was co-stained with isolectin B4 (IB4), a non-peptidergic marker in inner 

lamina II (lamina IIi) (Figure 1C). However, most of the eGFP signals were located dorsal to 

PKC a marker ventral to IB4 (Figure 1D). Double ISH using RNAscope revealed that 

approximately 50% of Nk3r neurons express the GABAergic marker Vgat and galanin, which are 

expressed in inhibitory neurons that gate itch (Figures 1E, 1F, 1I, 1J, and 1O). By contrast, only a 

smaller fraction of Nk3r cells expresses Npy (15.5%) and Pdyn (20%), respectively (Figures 1G, 

1H, 1K, 1L, and 1O). Approximately 45% of Nk3r neurons express Vglut2, an excitatory neuronal 

marker (Figures 1M and 1O). However, eGFP does not overlap with NK1R, a marker for lamina 

I projecting neurons (Figures 1N and 1O). These results indicate that NK3R neurons comprise an 

approximately equal proportion of excitatory and inhibitory neuronal populations in lamina II of 

the mouse spinal cord.  

Characterization of the electrophysiological properties and afferent inputs of NK3R neurons 

We characterized the electrophysiological profiles of NK3R neurons by patch-clamp recordings 

of NK3R-eGFP neurons. NK3R neurons displayed distinct firing patterns, as evidenced by 

applying a step-current stimulation at hyperpolarized potentials (Figures 2A-2E; n = 132). The 

prevalent pattern observed was delayed firing (58.3%), followed by tonic (29.6%), phasic (9.1%), 

and gap (3.0%) (Figure 2F). Based on previous studies 35,36, cells exhibiting a tonic firing pattern 

at hyperpolarized potentials (around -80 mV) are primarily inhibitory interneurons, while delayed-

firing neurons are predominantly excitatory 37. We confirmed this observation using VGAT-ChR2-

eYFP mice, identifying VGAT-expressing inhibitory interneurons by a channelrhodopsin-2-

mediated light-evoked current. We determined NK3R expression by measuring responses to the 

agonist senktide in the presence of tetrodotoxin, holding neurons at -60 mV (Figures S1A–S1J). 
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Comparing the proportions of tonic firing neurons between senktide-responsive VGAT+ and 

VGAT- populations revealed a statistically significant difference: tonic firing occurred in 80% of 

VGAT+ neurons (8 of 10), but only 8.3% of VGAT- neurons (1 of 12; two-tailed Fisher’s exact 

test, p = 0.0015). These findings indicate a strong association between the tonic firing phenotype 

and senktide-responsive inhibitory interneurons. 

We then assessed both passive and active electrophysiological properties in all recorded NK3R 

neurons from NK3R-eGFP mice that displayed distinct firing patterns (Table S1). Notably, tonic- 

and delayed-firing neurons exhibited significant differences across several parameters, including 

latency to the firing of the first action potential, rheobase, action potential threshold, amplitude, 

and the number of action potentials elicited by depolarizing current injections. These distinctions 

align with prior findings indicating that excitatory interneurons in the dorsal horn laminae I-II are 

less excitable and typically require stronger excitatory input for activation than dorsal horn 

inhibitory neurons 38,39. Consistently, tonic-firing neurons displayed spontaneous action potential 

firing at membrane potentials near the resting potential (-55/-60 mV), with a higher frequency than 

delayed and phasic neurons (Figures S1K and S1L). Hierarchical cluster analysis of all recorded 

NK3R neurons, based on their electrophysiological profiles, revealed three main clusters. Two of 

these clusters (C1 and C2, Figure S1M) consisted predominantly of delayed-firing neurons and are 

likely to represent the majority of excitatory NK3R interneurons. The third cluster (C3) comprised 

mostly tonic-firing neurons, consisting predominantly of a relatively homogeneous population of 

inhibitory NK3R interneurons. 

Next, to identify the afferent input type of NK3R-eGFP neurons, we applied electrical stimulation 

to the dorsal root in spinal cord slices with attached roots (Figures 2G-2K). Glutamatergic 

excitatory postsynaptic currents (EPSCs) were recorded in 48 out of 55 tested neurons. The 
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absence of evoked EPSCs in the remaining 7 neurons was likely due to the loss of afferent 

connections during tissue slicing. Among the responsive neurons, 35.5% exhibited EPSCs 

mediated by both Aδ and C fibers, while 14.6% and 29.2% responded to Aδ or C fiber stimulation 

alone, respectively. Additionally, 18.7% of neurons received convergent inputs from Aβ fibers in 

combination with either Aδ or C fibers, and only 2% received purely monosynaptic input from Aβ 

fibers (Figure 2L). Analysis of the total synaptic inputs to NK3R-eGFP neurons (n = 74) revealed 

that Aβ fiber inputs were slightly more likely to be monosynaptic (-M) than polysynaptic (-P), 

A fiber inputs were roughly equally divided between monosynaptic and polysynaptic connections, 

and the majority of C inputs were polysynaptic (32.4% versus 14.8% monosynaptic) (Figure 2M). 

Furthermore, analysis of the relationship between synaptic input types and firing patterns showed 

that high-threshold inputs (Aδ and C fibers) were present across all neuronal subtypes, while low-

threshold inputs (A) were prevalent in tonic- and phasic-firing neurons (Figure 2N, n = 43). Taken 

together, these results demonstrate that NK3R neurons in laminae I and II comprise both excitatory 

and inhibitory populations and integrate mono- and polysynaptic inputs primarily from Aδ and C 

primary afferent fibers.  

Analysis of the first EPSC evoked by repetitive dorsal root stimulation revealed mean peak 

amplitudes of 243.6 ±72.3 pA (n=5), 143.8 ±22.2 pA (n=14), and 124.6 ±28.8 pA (n=11) for 

monosynaptic A, A, and C fibers, respectively. Given that the rheobase for NK3R neurons 

ranged between 30 and 65 pA when holding the membrane potential around -80 mV (see Table 

S1), these evoked synaptic currents are in general more than sufficient to trigger action potentials 

from the resting membrane potential. Accordingly, recordings of EPSPs evoked by dorsal root 

stimulation exhibited superimposed action potentials in 5 out of 6 tested NK3R neurons (Fig. 2O). 
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NK3R neurons respond to capsaicin and menthol 

We previously reported that inflammatory pain-induced chemical stimuli and cooling can inhibit 

GRPR neurons 26. This prompted us to assess whether NK3R neurons receive afferent inputs 

expressing TRPV1 or TRPM8 receptors. We tested the effects of capsaicin and menthol on 

glutamatergic spontaneous EPSCs (sEPSCs) recorded in voltage clamp at -70 mV. Bath 

application of 1 M capsaicin evoked a significant increase in sEPSC frequency in 13 out of 14 

NK3R neurons (Figures 2P and 2Q), and the enhancement persisted in the presence of tetrodotoxin 

(TTX, 1 M) in a separate sample of NK3R neurons (Figure 2R, 13/13 of recorded neurons), 

showing that NK3R neurons receive monosynaptic inputs from TRPV1-expressing terminals. 

Effects of capsaicin on the amplitude of sEPSCs and miniature EPSCs (mEPSCs) were not 

determined since, at this capsaicin concentration, the currents are often summated, and the 

amplitude measure is not accurate. Combining the analysis of firing patterns characterized during 

initial recordings, capsaicin-responsive NK3R neurons encompassed all physiological firing types 

(Figure 2S).  

A subpopulation of NK3R neurons responded to 500 μM menthol with a significant increase 

in sEPSCs (5 of 7 recorded neurons; Figures 2T and 2U). In a separate sample of NK3R neurons, 

menthol significantly increased mEPSC frequency in the presence of TTX (9/20 neurons, Figure 

2V), while mean mEPSC amplitude remained unchanged in the responsive neurons, suggesting a 

presynaptic effect (Figure 2W). These findings indicate that NK3R neurons receive inputs from 

TRPM8 terminals. In contrast to capsaicin, menthol application enhanced mEPSC frequency 

primarily in tonic-firing (responsive: 5/7) and phasic-firing (responsive: 2/3) NK3R neurons, with 

lower responsiveness detected in delayed-firing neurons (responsive: 2/10) (Figure 2X). These 
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results demonstrate that NK3R neurons, particularly the inhibitory ones, integrate inputs from 

TRPM8-expressing afferent fibers. 

Ablation or inhibition of NK3R inhibitory neurons results in neuropathic itch 

To determine the functional role of NK3R neurons, we next employed a toxin-based chemical 

ablation approach and performed intrathecal injections (i.t.) of NKB-saporin (NKB-sap) in the 

lumbar section of C57BL/6J mice. Surprisingly, 3～4 days after i.t. NKB-sap, about 90% of mice 

began to develop robust spontaneous scratching/biting behavior, followed by skin lesions one 

week later (Figures 3A and 3C, and S2A). Moreover, scratching behavior elicited by intrathecal 

(i.t.) GRP, and neuromedin B (NMB, a neuropeptide that encodes histamine itch 7,40) was 

significantly enhanced in NKB–sap-treated mice (Figures S3A and S3B). In contrast, intradermal 

injection (i.d.) of chloroquine (CQ, a nonhistaminergic pruritogen mediated in part by GRP-GRPR 

signaling2) and histamine-induced scratching, along with mechanical itch, showed no significant 

changes (Figures S3C–S3E). To test whether these behaviors may be an indicator of spontaneous 

pain, we injected morphine intraperitoneally (i.p.), which failed to suppress scratching/biting 

behavior (Figures 3B and S2B). To further test whether spontaneous scratching/biting behavior 

may reflect neuropathic itch, we conducted i.t. injection of bombesin (BB-sap), which abolishes 

itch by ablating GRPR neurons 3, followed by i.t. NKB-sap (Figure 3D). Notably, these mice failed 

to exhibit spontaneous scratching/biting behaviors (Figures 3E and S2C), suggesting that the 

robust scratching/biting behaviors observed in mice treated with NKB-sap are primarily driven by 

spontaneous itch rather than pain.  

ISH studies confirmed that a majority of Nk3r cells were ablated in the dorsal horn of mice treated 

with NKB-sap (Figures 3F and 3G). In contrast, NK1R expression was comparable between mice 
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treated with saline and NKB-sap, demonstrating NKB-sap specificity (Figures 3H and 3I). 

Expression of GABA was also reduced substantially in mice treated with NKB-sap (Figures 3J 

and 3K). Importantly, GRPR expression was significantly enhanced in the dorsal horn of mice 

treated with NKB-sap (Figures 3L and 3M), indicating that heightened spontaneous 

scratching/biting behaviors occur as a result of disinhibition of GRPR neurons. Additionally, the 

expression of GABAergic Pax2 neurons was significantly reduced in the dorsal horn of mice 

treated with NKB-sap (Figures S2D and S2E). The expression of c-Fos-positive neurons was 

increased in the superficial dorsal horn (Supplementary Figures S2F and S2G) and co-expressed 

in GRPR neurons (Figures S2H and S2I), but barely in GABA neurons (Figures S2J and S2K). 

To further assess the role of NK3R inhibitory neurons, we generated Nk3r-Cre or Nk3riCre 

mice using a gene targeting strategy and confirmed that iCre and Nk3r expression largely overlap 

in the spinal cord. 97.7% of Nk3r cells expressed iCre, whereas iCre captured approximately 93.4% 

of Nk3r neurons (Figures 4A and 4B). We then injected AAV2/8-Vgat-DIO-h4MDi-mCherry into 

the cervical spinal cord of Nk3riCre mice, allowing selective inhibition of NK3R inhibitory 

neurons with i.p. clozapine.  ISH staining and quantitative analysis showed that over 85% 

mCherry-positive neurons co-expressed Nk3r and Vgat in the infected spinal cord (Figures 4C and 

4D). Consistent with ablation studies, clozapine-mediated selective inhibition of NK3R inhibitory 

neurons resulted in robust spontaneous scratching behavior (Figure 4E).  

To verify the result obtained from Nk3riCre mice, we also generated Nk3rDTR mice for Nk3r 

ablation (Figure 4F). To ablate spinal cord Nk3r neurons, diphtheria toxin (DTX) was injected (i.p.) 

at day 0, 4, 7, and 14 (Figure 4G). Selective ablation of Nk3r neurons resulted in robust 

spontaneous scratching behavior (Figure 4H), while injection of the GRPR antagonist JMV594 

significantly abolished the scratching behavior of Nk3rDTR mice injected with DTX (Figure 4I). 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.09.04.000324. This version posted September 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 

12 
 

The ISH results further confirmed that Vgat+/Nk3r+ neurons were decreased in the spinal cord of 

Nk3rDTR mice (Figures 4J and 4K). In conclusion, these findings further establish that ablation of 

NK3R neurons leads to neuropathic itch, and that this effect is mediated by GRPR neurons. 

Activation of NK3R neurons inhibits itch without impacting pain behavior 

Next, we examined the effect of activation of NK3R neurons on itch using a pharmacological 

approach. We first evaluated the dose-dependent effects of NKB (10 pmol, 100 pmol, and 1 nmol) 

on i.t. GRP-induced pruritus. While the two lower doses did not elicit any notable change in 

scratching behavior, the 1 nmol dose significantly suppressed scratching (Figure S4), so we used 

this concentration for subsequent experiments. We found that i.t. administration of NKB 

significantly inhibited scratching behavior elicited by i.t. GRP, i.d CQ, NMB, and histamine 

(Figures 5A-5D). NKB also markedly suppressed scratching behavior induced by i.t. morphine, 

which is mediated by MOR1D/GRPR crosstalk in the spinal cord of mice41 (Figure 5E). Moreover, 

NKB significantly inhibited scratching behavior elicited by dry skin, a mouse model of chronic 

itch that resembles the human dry skin itch condition 42 (Figure 5F). To test NKB specificity for 

NK3R activation, we evaluated its effect on itch in Nk3r knockout (KO) mice. i.t. administration 

of NKB failed to inhibit scratching behavior elicited by i.t. GRP (Figure 5G), demonstrating that 

NK3R is essential for the itch-suppressing effect of NKB.  

We next examined the effect of i.t. NKB administration on pain behavior. Unexpectedly, we 

did not detect a significant difference in pain induced by thermal, mechanical, and cold stimuli 

(Figures S5A-S5E). Pain induced by capsaicin, chemical pain induced by Complete Freund's 

adjuvant (CFA), and neuropathic pain generated by spared nerve injury (SNI), were also not 
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affected by i.t. NKB (Figures S5F-S5I). These results indicate that exogenous NKB does not affect 

nociceptive transmission.  

Finally, we employed a chemogenetic approach to selectively activate NK3R inhibitory 

neurons by expressing AAV2/8-Vgat-DIO-hM3Dq-mCherry virus in the cervical spinal cord in 

Nk3riCre mice. c-Fos staining confirmed the activation of mCherry-positive neurons by clozapine 

injection (Figure 5H). Consistently, chemogenetic activation of NK3R inhibitory neurons with 

DREADD (i.p. clozapine) profoundly impaired scratching behaviors induced by i.t. GRP, CQ, 

histamine, and dry skin (Figures 5I-5L). These findings further demonstrate that activation of 

NK3R inhibitory neurons does not affect nociceptive transmission (Figure S6). 

 NK3R neurons form monosynaptic contacts with Tac1 sensory neurons 

 

To explore whether Tac1-expressing primary afferents form monosynaptic contacts with NK3R 

neurons, we carried out rabies virus–mediated retrograde tracing by injecting glycoprotein (G)–

deleted rabies virus (RVdG) in the spinal cord of Nk3riCre mice (Figures 6A and 6B), as we 

previously described 24. Examination of Tac1 expression with retrograde transported RVdG that 

labels the input neurons with DsRed in DRGs revealed that approximately 41% of input neurons 

were colocalized with Tac1 (Figure 6C). DsRed and Tac1 co-expression was also found in the 

spinal cord (Figure 6D). These results demonstrate that SP-expressing neurons form monosynaptic 

contacts with NK3R neurons, consistent with the central innervation of SP fibers in spinal cord 

lamina II. 

To confirm the expression of functional NK3Rs on NK3R-eGFP neurons, we applied 1 M 

NKB while recording in voltage clamp at -60 mV (Figure 6E). We found that 12 out of 20 neurons 

were responsive to NKB, exhibiting a slow inward current (mean amplitude: 11.5 ± 1.3 pA) 
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(Figures 6F and 6I). To confirm that this slow response resulted from activation of NK3R receptors 

on the recorded neurons, we applied the more selective NK3R agonist senktide (1 μM) in the 

presence of TTX. Under these conditions, similar inward currents were observed in 17 of 23 NK3R 

neurons (mean amplitude: 19.4 ± 2.6 pA; Figures 6G and 6I), confirming that they result from the 

direct activation of NK3R on the recorded neurons. Both tonic- and delayed-firing NK3R neurons 

responded to senktide, confirming that functional NK3Rs are expressed on both inhibitory and 

excitatory interneurons (Figure 6J). Finally, a subpopulation of NK3R neurons (26 out of 37) 

exhibited an inward current in response to 2 M SP, which represents the principal endogenous 

agonist for NK3R in the dorsal horn (mean amplitude of SP-induced current: 6.5 ± 0.7 pA; Figures 

6H and 6I). Application of SP in the presence of the NK3R antagonist SB 223412 (3 μM) did not 

evoke any response, confirming that the SP-mediated effects were due to NK3R activation (Figure 

6K). 

NK3R neurons inhibit GRPR neurons via GABAergic transmission  

 

Finally, we took advantage of the finding that NK3R and GRPR are expressed in distinct 

populations of interneurons (Figure 7A) and examined whether the former forms monosynaptic 

contacts with the latter (Figure 7B) in GrpriCre mice, using the rabies virus circuit tracing method 

as we previously described5. With glycoprotein in the starter neurons (yellow), retrogradely 

transported RVdG would track the input neurons expressing dsRed (Figure 7C). RNAscope 

studies revealed that most Nk3r neurons that overlap with DsRed also express Vgat (Figure 7C), 

demonstrating that NK3R inhibitory neurons form monosynaptic connections with GRPR neurons.   

To further investigate the hypothesis that inhibitory NK3R neurons form direct synaptic 

contacts with GRPR neurons, we performed voltage clamp experiments at -10 mV on GRPR-eGFP 
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neurons and tested the effect of NKB on sIPSCs and mIPSCs (Figure 7D). NKB (1M) caused a 

significant increase in sIPSC frequency in 11/31 GRPR neurons (Figures 7E and 7F), without 

affecting sIPSC amplitude (Figure 7G). The application of bicuculline (20 M) at the end of the 

experiment blocked most of the sIPSCs, showing that they were mediated mainly by GABAA 

receptors (Figures 7E and 7H). After the addition of 500 nM strychnine, the residual sIPSCs were 

blocked entirely in all neurons. Application of NKB did not significantly alter the frequency of 

spontaneous glutamatergic EPSCs (sEPSCs) in the subset of GRPR neurons where these events 

were clearly detectable as inward currents (Figure 7I), suggesting that activation of excitatory 

NK3R neurons by NKB does not influence GRPR neuron activity. 

The effect of NKB on sIPSCs recorded from GRPR neurons was prevented by the application 

of the NK3R antagonist SB223412 (3 M), as only one out of 17 neurons showed a significant 

increase in sIPSC frequency in the presence of NKB and SB223412 (Figures 7J and 7K). This 

result confirms that NKB selectively activates NK3Rs on inhibitory NK3R-expressing neurons, 

increasing GABA (and glycine) release. Co-application of NKB with TTX did not abolish the 

effect of NKB on mIPSCs, as 7 of 21 GRPR neurons still exhibited a significant increase in mIPSC 

frequency (Figures 7L and 7M). NKB did not significantly alter the mean amplitude of mIPSCs 

recorded from responsive GRPR neurons (Figure 7N), indicating a modulatory effect of NKB at 

the presynaptic terminals of NK3R neurons and confirming that GRPR neurons receive 

monosynaptic inputs from inhibitory NK3R neurons. 

 

DISCUSSION  

In this study, we identify a distinct population of NK3R interneurons innervated by Tac1 primary 

afferents in mice. We show that capsaicin, menthol, and neurokinins can activate NK3R neurons, 
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which inhibit GRPR neurons through monosynaptic GABAergic transmission. Our data suggest 

that the SP-NK3R-GRPR molecular and neural pathways underlie pain-mediated inhibition of itch. 

The observation that ablation of NK3R neurons induces robust spontaneous scratching, while their 

activation inhibits itch—without affecting pain-related behavior—highlights the specificity of 

NK3R inhibitory neurons in regulating itch. NK3R neurons appear to inhibit itch through two 

distinct mechanisms: (a) they exert tonic suppression of GRPR neurons, independent of SP; (b) 

they mediate peripheral input-dependent itch inhibition, which may or may not engage SP, 

depending on the nature of counterstimuli. Together, NK3R inhibitory neurons represent a 

functionally specialized microcircuit that selectively inhibits itch, but not pain. These findings fill 

a critical gap in our understanding of how counterstimuli inhibit itch.  

Our study provides an extensive characterization of the passive and active membrane 

properties of NK3R neurons, together with their primary afferent-mediated synaptic inputs and 

responsiveness to counterstimuli (Tables S1 and S2). The analysis of the various 

electrophysiological profiles in NK3R neurons revealed notable differences in neuronal 

excitability, especially between tonic-firing (putative inhibitory) and delayed-firing (putative 

excitatory) types (Table S1 and Figure S1). Consistent with previous studies 36,38,43, tonic-firing 

NK3R neurons exhibit higher excitability, evidenced by their lower rheobase, lower action 

potential threshold, shorter latency to the first spike (Table S1), and their ability to fire action 

potentials spontaneously (Figure S1). Given these properties, tonic-firing NK3R neurons may be 

activated by low levels of excitatory neurotransmitters and/or exhibit spontaneous activity44, 

resulting in prolonged inhibition of postsynaptic neurons. 

Previous characterization of dorsal horn inhibitory interneurons for itch mainly focused on 

peptidergic neurons 13-15,45. However, these neurons are also implicated in pain, and some 
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neuropeptides are expressed in excitatory neurons 15,19-21. NK3R inhibitory neurons functionally 

are reminiscent of galanin neurons, as both inhibit GRPR neurons via GABAergic transmission, 

and most, if not all, NK3R inhibitory neurons co-express galanin (Table S2). NK3R inhibitory 

neurons also share similarities with PrP-eGFP neurons, which comprise approximately 60% 

galanin neurons, exhibit a predominant tonic firing pattern, and form direct connections with 

TRPV1 and TRPM8 fibers 46. By contrast, NK3R inhibitory neurons seem to differ from Npy 

neurons, which exhibit low sensitivity to capsaicin, a lack of response to the TRPM8 agonist icilin, 

and a higher input resistance 47, even though they share a predominant tonic firing pattern, similar 

resting potentials and action potential amplitudes, along with the capacity to release GABA onto 

GRPR neurons 15,43. This would suggest that a small minority of NK3R neurons, which are 

insensitive to menthol and smaller in size (correlated with higher input resistance), may express 

NPY.  

Intriguingly, ablation of galanin neurons does not give rise to spontaneous itch 13, in contrast 

to NPY neurons 15, which may also disinhibit pain circuits. Removing NK3R-negative galanin 

neurons—which comprise a majority of the galanin population—may offset the effects of ablating 

NK3R inhibitory neurons. In contrast, the neuropathic itch arising from NK3R neuron ablation 

resembles that observed with the loss of Ptf1aCre-lineage neurons 43, supporting the notion that 

NK3R inhibitory neurons may be derived from Ptf1aCre-lineage neurons.  

Coupled with a large amount of evidence indicating that SP is released from primary afferents 

in response to noxious stimuli 48, it is reasonable to assume that SP and glutamate are co-released 

from primary afferents onto the dorsal horn to activate NK3R neurons, thereby inhibiting itch. The 

finding that NK3R inhibitory neurons could also be activated by innocuous scratching behavior 

indicates their broader role in itch regulation. Moreover, it suggests that NK3R inhibitory neurons 
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can be activated in a SP-independent manner. Since nearly one-third of the afferent fibers 

synapsing onto tonic-firing NK3R neurons are low-threshold Aβ fibers, scratching may likely 

activate innocuous mechanoreceptor afferents, leading to glutamate release to activate NK3R 

neurons directly. It is also possible that scratching may activate laminae III–IV interneurons, which 

then excite NK3R neurons 49,50.  

Because glutamate mediates the transmission across multiple somatosensory modalities, both 

from primary afferents to the dorsal horn and between different subsets of excitatory dorsal horn 

neurons 5,51,52, its release from various subsets of primary afferents must be precisely regulated by 

hardwired pathways in a temporally controlled manner to ensure high-fidelity transmission or 

inhibition of itch. We and others have shown that GABA is necessary and sufficient to mediate 

the rapid inhibition of GRPR neurons 13,15,26. This raises the question of the role of endogenous 

inhibitory neuropeptides in inhibiting itch, given that several of them partially overlap with NK3R 

inhibitory neurons. A careful examination of the literature, however, fails to yield convincing loss-

of-function evidence demonstrating the role of a spinal inhibitory neuropeptide in itch inhibition. 

In fact, most studies employed exogenous administration of inhibitory neuropeptides to activate 

endogenous receptors to infer their endogenous function in itch 5,17,18,20,53,54. However, such 

exogenously induced activation could be an artifact, as the relatively high dose of neuropeptides 

used does not mimic their endogenous release or function. For instance, we have shown that i.t. 

DYN activates kappa opioid receptors on GRPR neurons, triggering a noncanonical signaling 

cascade that leads to GRPR phosphorylation, a process not typically engaged under physiological 

conditions, but a loss of either Dyn or Dyn neurons has no impact on itch 19,54. Similarly, i.t. NPY 

can inhibit itch via NPY1R on GRPR neurons 5, or inhibit pain by targeting NPY1R on spinal 

nociceptive neurons 15,20,55. Despite a large body of studies, evidence for spinal-restricted knockout 
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of NPY remains lacking. Although ablation or inhibition of these inhibitory neuron subsets may 

disinhibit itch, this effect can be fully accounted for with GABAergic inhibition. Consistent with 

this notion, mice lacking Tac2, Pdyn, and Grp in the spinal cord exhibited normal itch behaviors 

5,19,56,57, demonstrating that these locally-derived neuropeptides are dispensable for itch.  

NKB is an endogenous ligand for NK3R, but it is selectively expressed in the dorsal spinal cord 

rather than in sensory neurons 5,29,56. While Tac2 neurons in the spinal cord are essential for 

mechanical itch, NKB does not appear to play a role in itch or pain 5,56, leaving the endogenous 

ligand in sensory neurons for NK3R unsolved. The present findings suggest that SP in primary 

afferents acts as an endogenous ligand for NK3R, despite NK3R exhibiting higher binding affinity 

for NKB and NKA than SP 58,59. This may help resolve a long-standing discrepancy: while SP-

containing fibers densely innervate laminae I-IIo, overlapping with GRP/TRPV1/CGRP fibers 57,60, 

NK1R neurons are confined to lamina I. Traditionally, NK1R has been considered the sole receptor 

for SP in the superficial dorsal horn 33,61-63. Our results call for a reassessment of the roles of SP 

and its receptors (NKRs) in somatosensory transmission. Although i.t. NKB did not alter pain 

behaviors, the potential involvement of excitatory NK3R-expressing neurons in nociceptive 

processing remains an open question and warrants further investigation.   

Neuropathic itch, caused by injury to the nervous system, is a significant clinical challenge with 

poorly understood mechanisms 64,65. Ectopic activation of GRP-expressing sensory neurons may 

amplify GRPR signaling, probably by recruiting neurons expressing Grpr mRNA, a process called 

cross-sensitization under pathological conditions, in the spinal cord, leading to spontaneous itch 

and skin lesions that resemble neuropathic itch 66. Alternatively, direct disinhibition of GRPR 

neurons by a loss or downregulation of NK3R inhibitory neurons could also contribute to this 

condition. Of a number of inhibitory neurons for itch examined, NK3R inhibitory neurons remain 
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the only ones whose ablation or inhibition in the adult spinal cord results in spontaneous 

neuropathic itch. This work supports a hardwired inhibitory neuronal circuit dedicated to itch, 

embedded within a mix of excitatory neurons from different somatosensory modalities in the 

dorsal horn. Importantly, ligand-based pharmacological and genetic approaches can selectively 

activate or inhibit NK3R neurons, making them highly accessible for functional and 

electrophysiological analysis. This presents a unique opportunity to investigate their role under 

various physiological and pathological states. Dysregulation of NK3R neuron–mediated inhibitory 

control may underlie or exacerbate chronic itch conditions that are often resistant to current 

therapies.  

 

Limitations of the study 

Several limitations of the present study warrant acknowledgment. First, NK3R neurons comprise 

both excitatory and inhibitory subtypes, making selective electrophysiological characterization of 

NK3R inhibitory neurons challenging. To address this, we examined the firing patterns while 

holding neurons at hyperpolarized potentials – a protocol previously shown to reliably identify 

inhibitory interneurons as tonic-firing cells 37. Consistent with this, experiments using the VGAT-

ChR2-eYFP mouse model confirmed that the majority of tonic-firing NK3R neurons are inhibitory 

interneurons. Second, modeling pain-mediated inhibition of itch in behaving mice is not feasible, 

as nocifensive behaviors would inherently interfere with itch-related scratching. Moreover, 

conventional inflammatory pain-inducing agents are typically injected into the hindpaw and 

engage the lumbar spinal cord, whereas itch is routinely assessed at the cervical level. Finally, 

although our data highlight the essential role of NK3R inhibitory neurons in gating spontaneous 
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itch, it remains to be elucidated whether distinct NK3R inhibitory neuron subtypes mediate tonic 

gating versus counterstimuli-evoked inhibition of itch. 
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Figure 1. NK3R neurons comprise both inhibitory and excitatory neurons.  

(A) ISH images showing co-expression of Nk3r and eGFP in the superficial dorsal horn. Nk3r 

mRNA was detected in 91.5% of eGFP neurons, and 72.1% of Nk3r neurons express eGFP. 

Arrowheads indicate Nk3r-positive neurons. Arrows indicate Nk3r/eGFP double-positive neurons. 
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(B-D) Double IHC images illustrating the expression pattern of NK3R-eGFP neurons in the 

superficial dorsal horn relative to CGRP (B), IB4 (C), and PKCγ (D). (E-L) Representative images 

of double FISH using RNAscope probes (E-H) and Venn diagrams (I-L) showing that Nk3r 

neurons express Vgat (E and I), Galanin (F and J), Npy (G and K), and Pdyn (H and L). Arrowheads 

indicate double-positive cells. (M) Double ISH image showing that Nk3r neurons (green) express 

Vglut2 (red). (N) IHC image shows that NK3R-eGFP neurons (green) and NK1R (red) do not 

overlap. (O) Percentage of expression of inhibitory and excitatory markers in NK3R neurons. 

Scale bars: 100 μm (low magnification), 20 μm (high magnification) for (a-l); 20 μm for (m, n). n 

= 3-5 mice for each group. 
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Figure 2. Electrophysiological characterization of NK3R neurons. 

(A) Diagram illustrating the recording of an eGFP-positive neuron from a spinal cord slice 

obtained from an NK3R-eGFP mouse. (B-E) Representative delayed, tonic, phasic, and gap firing 
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patterns recorded from NK3R neurons, each initiated from hyperpolarized membrane potentials 

(indicated below each panel). (F) Pie chart representing the percentages of delayed (58.3%), tonic 

(29.6%), phasic (9.1%), and gap (3%) firing patterns obtained from a sample of 132 NK3R neurons. 

(G) A diagram showing the recording of NK3R-eGFP neurons in the superficial dorsal horn and 

stimulation of the dorsal root. (H-K) Representative traces of EPSCs recorded from NK3R neurons, 

evoked by dorsal root stimulation at different intensities. (L) Percentages of the different afferent 

inputs from a sample of 48 NK3R-eGFP neurons. (M-N) Percentages of monosynaptic (–M) and 

polysynaptic (–P) responses among the 74 synaptic inputs examined, along with the distribution 

of synaptic input types across firing patterns (N). (O) Example trace of evoked EPSCs mediated 

by monosynaptic A and C fibers (top) and the corresponding EPSP (bottom), recorded at the cell 

resting potential and showing a superimposed action potential. (P) Representative trace showing a 

significant increase of sEPSC frequency elicited by capsaicin. (Q-R) sEPSC and mEPSC 

frequency changes caused, in the responsive neurons, by application of 1 M capsaicin (Q: **p < 

0.01, n = 13/14) and 1 M capsaicin + 1 M TTX (R: ****p < 0.0001, n = 13/13). Responsive 

neurons were assessed by applying the Kolmogorov-Smirnov test on EPSC inter-event intervals. 

(S) Percentage incidence of the different firing patterns observed in NK3R neurons responsive to 

capsaicin + TTX. Numbers above the bars indicate the responsive neurons. (T) Example of an 

NK3R neuron where sEPSC frequency was significantly enhanced by application of 500 M 

menthol. (U-V) sEPSC and mEPSC frequency increases were observed in responsive neurons 

following application of menthol (U: control 2.1 ± 0.5 Hz, menthol 3.6 ± 0.7 Hz, n = 5/11; paired 

t-test, *p < 0.05, n = 5) and menthol + 1 M TTX (V: control 1.4 ± 0.2 Hz, menthol 3.0 ± 0.6 Hz, 

n = 9/20; Wilcoxon Signed Rank test, **p < 0.01, n = 9). (W) Amplitudes of mEPSCs were not 

altered by menthol in the responsive neurons (mean amplitude in TTX: 13.4 ± 1.8 pA, TTX + 
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menthol: 13.7 ± 1.3 pA, paired t-test, p = 0.54, n = 9). (X) Percentage incidence of the different 

firing patterns observed in NK3R neurons responsive to menthol + TTX. Numbers above the bars 

indicate the responsive neurons. 
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Figure 3. Ablation of NK3R neurons results in neuropathic itch.  

(A) NKB-sap treatment caused robust spontaneous scratching behaviors starting at day 5. n = 7-8 

mice per group. *p < 0.05, **p < 0.01, two-way ANOVA with Bonferroni post-hoc test. (B) 

Morphine (0.3 nmol, i.t.) did not affect the spontaneous scratching behaviors of NKB-sap-treated 

mice. n = 7-8 mice per group. n.s., not significant. (C) Representative images showing that mice 

treated with NKB-sap developed skin lesions on the neck and perianal skin due to scratching and 

biting, respectively. (D-E) Schematic timeline of BB-sap and NKB-sap treatment before 

behavioral tests (D). After ablation of GRPR neurons with BB-sap (500 ng, i.t.), NKB-sap 

injections did not evoke spontaneous scratching for up to 19 days (E). n = 6-7 mice per group. (F-

G) ISH images (F) and quantified data (G) representing the ablation of Nk3r neurons in the 

superficial dorsal horn after injection of NKB-sap. Scale bar, 100 µm. n = 4 mice per group. **p 

< 0.01, unpaired t-test. (H-I) IHC images (H) and quantified data (I) demonstrating that the 

expression of NK1R in the spinal cord is not affected by NKB-sap treatment. Scale bars, 100 µm. 

n = 4 mice per group. n.s., not significant. (J-M) IHC images (J-L) and quantified data (K-M) 

showing that NKB-sap treatment significantly decreases the number of GABA+ cells (J-K), while 

enhancing the number of GRPR+ cells (L-M) in the dorsal horn. n = 4-5 mice per group. *p < 0.05, 

unpaired t-test. 
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Figure 4. Selective inhibition and ablation of NK3R inhibitory neurons induce GRPR-

dependent neuropathic itch.  

(A) Generation of NK3RiCre mice. (B) Double ISH confirming the co-expression of Nk3r and iCre 

in the superficial dorsal horn of the spinal cord. iCre mRNA was detected in 97.7% of Nk3r 
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neurons, and 93.4% of Nk3r neurons express iCre. Scale bar, 5 µm. n = 4 mice for each group. (C) 

Diagram showing the injection of AAV-Vgat-DIO-hM4Di-mCherry virus into the cervical spinal 

cord of Nk3riCre mice. ISH image represents the co-expression of hM4Di-mCherry, Vgat and Nk3r 

in the superficial dorsal horn of Nk3riCre mice. Scale bar, 20 µm. (D) Quantitative analysis 

demonstrating that over 85% of mCherry-positive neurons co-expressed Nk3r and Vgat. n = 3 mice. 

(E) Chemogenetic inactivation of Nk3r inhibitory neurons induced robust scratching behaviors. n 

= 6 mice per group. ***p < 0.001, unpaired t-test. (F) Generation of NK3RFlpo mice. (G) 

Intersectional genetic approach targeting ablation of Nk3r inhibitory neurons in the spinal cord. 

(H) Mice showed robust spontaneous scratching behaviors after ablation of Nk3r inhibitory 

neurons in the spinal cord. n = 7 mice per group. ***p < 0.001, unpaired t-test. (I) i.t. injection of 

GRPR antagonist JMV594 significantly blocked the neuropathic itch induced by chemogenetic 

inhibition of NK3R neurons. n = 6 mice. ***p < 0.001, paired t-test. (J-K) Representative ISH 

images of Nk3r and Vgat staining in dorsal horn of Nk3rDTR mice (J); the percentage of 

Nk3r+/Vgat+ neurons was significantly reduced in Nk3rDTR mice (K). Scale bar, 20 μm. n = 3 mice 

per group. **p < 0.01, unpaired t-test.  
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Figure 5. Activation of NK3R inhibitory neurons attenuates itch but not pain behaviors.  

(A-E) i.t. injection of NKB (1 nmol) significantly inhibited scratching behaviors induced by GRP 

(0.3 nmol) (A), CQ (200 µg) (B), NMB (1 nmol) (C), histamine (200 µg) (D), and morphine (0.3 

nmol) (E) in C57BL/6J mice. n = 6-10 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, 

unpaired t-test. (F) i.t. injection of NKB (1 nmol) significantly inhibited spontaneous scratching 

behaviors of dry skin mice. n = 9 mice per group. ***p < 0.001, unpaired t-test. (G) NKB (1 nmol) 
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did not affect GRP-induced scratching in Nk3r KO mice. n.s., not significant. (H) A diagram 

showing injection of Cre-dependent virus into the cervical spinal cord of Nk3riCre mice to express 

hM3Dq DREADD in the NK3R inhibitory neurons under the control of a Vgat promoter. Double 

IHC image showing clozapine-induced C-fos expression in Nk3riCre neurons infected by the 

hM3Dq-mCherry virus. Scale bar, 20 μm. (I-L) Chemogenetic activation of NK3R inhibitory 

neurons in the spinal cord by i.p. injection of clozapine (1 mg/kg) attenuated the scratching 

behaviors induced by GRP (I), CQ (J), histamine (K), and dry skin (L). n = 6-8 mice per group. *p 

< 0.05, **p < 0.01, unpaired t-test.  
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Figure 6. NK3R neurons form monosynaptic contacts with Tac1 sensory neurons and respond 

to neurokinins. 

(A-B) Schematic diagram illustrating the experimental schedule (A) for monosynaptic tracing of 

input from Tac1 sensory neurons and intraspinal injection of TVA-GFP/RG virus and RV-dG-

DsRed virus (B). (C) Representative IHC images of Tac1 staining in DRG neurons of Nk3riCre 
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mice (right: high power image of the boxed areas on the left). The graph shows that Tac1 was 

expressed in 41% of DsRED neurons. n = 3 mice. Scale bar, 20 μm. (D) Representative ISH image 

of Tac1(blue) after RVdG injection (red). Arrowheads indicate Nk3riCre starter neurons (yellow) 

expressing GFP and DsRed. Arrows indicate Tac1+ input neurons (DsRed+ and blue+) targeting 

starter neurons. n = 3 mice. Scale bar, 100 μm. (E) A diagram showing the recording of NK3R-

eGFP neurons in the superficial dorsal horn. (F-H) Representative slow inward currents evoked in 

NKR3 neurons by application of 1 M NKB (F), 1 M Senktide + 1 M TTX (G), and 2 M SP 

+ 1 M TTX (H), recorded in voltage clamp at -60 mV. (I) Peak amplitudes of the slow inward 

currents generated by the three agonists. Numbers above the bars indicate the responsive neurons. 

(J) Firing pattern characterization of neurons responding to senktide. Numbers above the bars 

indicate the responsive neurons. (K) Application of SP in the presence of the NK3R antagonist 3 

M SB223412 did not cause any significant change in the holding current (mean holding current 

amplitude in SB223412: -15.7 ± 5.7 pA; SB223412 + SP: -15.9 ± 5.7 pA; paired t-test, p = 0.98, 

n = 12). 
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Figure 7. Activation of NK3R neurons by neurokinins inhibits GRPR neurons directly 
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(A) Representative double ISH images using RNAscope probes show that Nk3r neurons (green) 

do not co-express with Grpr (red). Scale bar, 20 μm. (B) Schematic of intraspinal injection of 

TVA-EGFP/RVG virus and RV-dG-dsRed virus on GrpriCre mice. (C) Representative ISH image 

of Nk3r (teal) and Vgat (blue) in the cervical spinal cord after RVdG injections on GrpriCre mice. 

The arrow indicates Nk3r+/Vgat+ input neurons targeting GrpriCre neurons. n = 3 mice. Scale bar, 

20 μm. (D) A diagram showing recording of GRPR-eGFP neurons in the superficial dorsal horn. 

(E)  NKB (1 M) induced a significant increase in the frequency of sIPSCs in a representative 

GRPR-eGFP neuron, recorded at -10 mV, while the frequency of sEPSCs (visible as inward 

currents) was not altered. The sIPSCs were almost completely blocked by bicuculline (20 M), 

indicating the involvement of GABA release.  (F) Changes of sIPSC frequency produced by NKB 

in a subpopulation of responsive GRPR-eGFP neurons (control: 0.4 ± 0.1 Hz, NKB: 1.1 ± 0.1 Hz, 

paired t-test, ****p < 0.0001, n = 11/31).  (G) sIPSC amplitudes were not significantly affected 

by NKB application (control: 18.0 ± 1.6 pA; NKB: 15.3 ± 0.9 pA; paired t-test, p = 0.12, n =11). 

(H) Change of sIPSC frequency after bicuculline application (20 M), observed in a sample of 

GRPR neurons responsive to NKB, showing that sIPSCs are predominantly mediated by GABAA 

receptors (control = 0.4 ± 0.1 Hz; bicuculline: 0.04 ± 0.03 Hz, paired t-test, *p < 0.05, n = 6). (I) 

The frequency of glutamatergic sEPSCs was not significantly changed in a subset of GRPR 

neurons tested with NKB (control: 0.23 ± 0.07 Hz; NKB: 0.23 ± 0.08 Hz; paired t-test, p = 0.98, 

n =13). (J-K) Representative trace of sIPSCs recorded from a GRPR-eGFP neuron in the presence 

of NKB and the NK3R antagonist SB223412 (3 M, J). The effect of NKB on sIPSC frequency 

was blocked by the antagonist: only 1 out of 17 GRPR neurons responded (K, red symbol). (L-N) 

NKB caused a significant increase of mIPSC frequency in a subset of GRPR neurons in the 

presence of TTX (M: control: 0.2 ± 0.05 Hz; NKB: 1.1 ± 0.4 Hz; Wilcoxon Signed Rank test, *p 
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< 0.05; n = 7/21), while mIPSC amplitudes were not altered (N: control: 14.1 ± 0.9 pA; NKB: 15.7 

± 1.4 pA; paired t-test, p = 0.22; n = 7), confirming the presence of direct connections between 

inhibitory NK3R and GRPR neurons.  
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS 

 

Experiments were conducted using 8–12-week-old male C57BL/6J mice purchased from The 

Jackson Laboratory. NK3R-eGFP and GRPR-eGFP mice were purchased from GENSAT, VGAT-

ChR2-eYFP mice were purchased from The Jackson Laboratory. GrpriCre mice were generated in 

our lab 5. All mice were housed in clear plastic cages (≤5 mice per cage) in a controlled 

environment maintained at ~23 °C and 50 ± 10% humidity, with food and water available ad 

libitum. Animals were kept on a 12-h light/dark cycle (lights on at 7:00 AM). All experiments 

were conducted in accordance with the guidelines of the National Institutes of Health, the 

International Association for the Study of Pain, and were approved by the Animal Studies 

Committee at Washington University School of Medicine, the Internal Animal Care and Use 

Committee of the Army Medical University, and the Institutional Animal Care and Use Committee 

(IACUC) at Shenzhen Bay Laboratory. 

For electrophysiology experiments, NK3R-eGFP, GRPR-eGFP mice or VGAT-ChR2-eYFP 

(P20-P30) of either sex were used. Most of the experiments on NK3R-eGFP animals and the 

recordings from VGAT-ChR2-eYFP mice were performed at the University of Modena and 

Reggio Emilia and were approved by the Italian Ministry of Health following the Guide for the 

Care and Use of Laboratory Animals and the EU and Italian regulations on animal welfare.  

 

Generation of Nk3riCre and Nk3rFlpo mice 

A genomic fragment of approximately 8 kb encompassing exon 5 of the Tacr3 (Nk3r) gene was 

amplified by PCR from a BAC clone (RP-23, clone 465M13; Thermo Fisher Scientific) using a 

high-fidelity polymerase (CloneAmp HiFi PCR Mix, Clontech) and inserted into the pBluescript 
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KS vector. To generate Nk3riCre, an IRES-iCre cassette together with an frt-flanked PGK-neomycin 

resistance cassette was introduced into the 3′ untranslated region immediately following the 

endogenous stop codon (TGA) via In-Fusion® HD cloning (Clontech). For Nk3rFlpo, an IRES-Flpo 

cassette and a loxP-flanked PGK-neomycin selection cassette were inserted into the same 3′ UTR 

region using an identical strategy. A diphtheria toxin A (DTA) cassette was added distal to the 3′ 

homology arm to enable negative selection. Targeting vectors were linearized with SacII and 

electroporated into AB1 embryonic stem cells. After selection with G418 (200 ng/μL), correctly 

targeted ES cell clones were identified by PCR analysis of both the 5′ and 3′ integration sites. 

Verified clones were injected into C57BL/6J blastocysts to produce chimeric animals. Germline 

transmission was confirmed by PCR genotyping, followed by backcrossing of founders onto the 

C57BL/6J genetic background. 

 

METHOD DETAILS 

RNAscope in situ hybridization (ISH) and immunohistochemistry (IHC) 

Conventional in situ hybridization (ISH) was conducted as previously described 60 using a 

digoxigenin-labeled antisense cRNA probe (Roche) targeting Tacr3 (nucleotides 713–1243 of 

Tacr3 mRNA; NCBI accession NM_021382.6). Mice aged 8–12 weeks were anesthetized with 

ketamine (100 mg/kg) and xylazine (15 mg/kg) and transcardially perfused with DEPC-treated 

PBS (pH 7.4), followed by fixation with 4% paraformaldehyde (PFA). Spinal cords were harvested, 

post-fixed for 2–4 h, and cryoprotected overnight at 4 °C in PBS containing 20% sucrose. Tissue 

was embedded and sectioned transversely at 20 μm using a Leica cryostat, and sections were 

mounted onto Superfrost Plus slides. 
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After proteinase K digestion and prehybridization, sections were incubated overnight at 65 °C 

with the Tacr3 probe (2 μg/mL). Unbound probe was removed by high-stringency SSC washes 

and RNase A treatment (0.1 μg/mL, 30 min). Sections were blocked for 3 h in 20% sheep serum 

containing 0.1% Tween-20, then incubated overnight at 4 °C with an alkaline phosphatase–

conjugated anti-digoxigenin antibody (0.5 μg/mL; Roche). Colorimetric detection was achieved 

by incubation with NBT/BCIP substrate solution for 12–16 h at room temperature, and reactions 

were terminated by fixation in 0.5% PFA. For GFP immunodetection following ISH, sections were 

incubated with a rabbit anti-GFP antibody, followed by a biotin-SP–conjugated donkey anti-rabbit 

secondary antibody, and visualized using 3,3′-diaminobenzidine (DAB; MilliporeSigma, D8001). 

At least three animals per group were analyzed, with a minimum of three sections examined per 

animal. Bright-field images were acquired using a Nikon Eclipse Ti-U microscope equipped with 

a Nikon DS-Fi2 camera. 

Double-label RNAscope ISH was performed using the RNAscope Multiplex Fluorescent 

Reagent Kit v2 (Advanced Cell Diagnostics) according to the manufacturer’s protocol for fixed 

frozen tissue  67. Spinal cords were dissected, post-fixed for 2–4 h, and cryoprotected overnight in 

20% sucrose at 4 °C. Tissue was embedded in OCT, sectioned transversely at 20 μm using a Leica 

cryostat, and thaw-mounted onto Superfrost Plus slides. Sections were treated sequentially with 

hydrogen peroxide, target retrieval reagents (15 min at near-boiling temperature), and Protease III 

Plus reagent (15 min). Hybridization was performed using probes directed against Tacr3 (Tacr3-

C2; GenBank NM_021382.6; bases 247–1253; Cat. No. 481671-C2) and iCre (iCre-C3; GenBank 

AY056050.1; bases 2–1028; Cat. No. 423321-C3). Following amplification and fluorescent 

labeling, sections were imaged on a Nikon C2+ confocal microscope using a 20× objective. 

Positive mRNA signals were defined as three or more punctate fluorescent dots localized to the 
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nucleus and/or cytoplasm. For co-expression analyses involving Tacr3/Vgat, Galanin, Npy, Pdyn, 

Vglut2, iCre, or Grpr, puncta associated with individual DAPI-stained nuclei were evaluated. 

Images were collected across the entire Tacr3-expressing neuronal population within each section. 

Cell quantification was performed by an investigator blinded to experimental conditions.  

For fluorescent immunohistochemistry (IHC), sections were incubated with primary antibodies 

overnight at 4 °C, followed by incubation with fluorophore-conjugated secondary antibodies. 

Primary antibodies included: rabbit anti-GFP (1:1000, Molecular Probes, A11122), chicken anti-

GFP (1:500, Aves Labs, GFP-1020), rabbit anti-CGRP (1:3000, Millipore, AB15360), isolectin 

B4 (IB4; 1:200, Sigma-Aldrich), rabbit anti-PKCγ (1:1000, Santa Cruz, SC-211), rabbit anti-

NK1R (1:2000, Millipore, AB5060), mouse anti-GABA (1:1000, Chemicon), and rabbit anti-Pax2 

(1:300, Thermo Fisher Scientific, 71-6000). Secondary antibodies included Alexa Fluor 488–

conjugated donkey anti-rabbit, anti-chicken, or anti–guinea pig antibodies (1:1000; Jackson 

ImmunoResearch), as well as Cy3- or Cy5-conjugated donkey secondary antibodies (1:1000; 

Jackson ImmunoResearch). Fluorescent images were acquired using a Nikon C2+ confocal 

microscope, and quantitative image analysis for neuronal counts was performed using ImageJ 

software (NIH; version 1.34e). 

Acute itch behavior 

Behavioral experiments were conducted during the day (8 AM to 3 PM). The injection site was 

shaved at least 3 days before the experiments. Prior to testing, each mouse was acclimated for 30 

min in a plastic arena (10 × 11 × 15 cm) and for 10 min to the recording conditions. For intradermal 

injections, CQ (200 μg, Sigma) and histamine (200 μg, Sigma-Aldrich) were dissolved in 50 μl 

saline. For intrathecal lumbar injections, GRP (0.3 nmol, GenScript) and NMB (1 nmol, Bachem) 

were dissolved in 10 μl saline. NKB (1 nmol, Bachem) was intrathecally administered either prior 
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to CQ or histamine injections or co-injected with GRP or NMB. Immediately after injection, mice 

were placed in transparent rectangular observation boxes and videotaped from the side. Videos 

were analyzed by an observer blinded to treatment and genotype. A scratch was defined as a hind 

limb lift toward the nape or head followed by replacement of the limb on the floor, regardless of 

the number of scratching strokes performed during this movement3. Only scratches directed at the 

injection site were counted over a 30-min period. 

Dry skin itch 

The dry skin model was generated following previously established protocols 68,69. Briefly, mice 

had their nape shaved at least 3 days prior to the experiments. The skin was treated twice daily for 

5–7 days with a 1:1 mixture of acetone (Sigma-Aldrich) and diethyl ether (Sigma-Aldrich) applied 

for 15 seconds, immediately followed by 30 seconds of distilled water (AEW). Control littermates 

were treated with distilled water alone for 45 seconds on the same schedule. Spontaneous 

scratching was monitored for 60 minutes in the early morning on days 5–7 

Pain behavior 

Thermal sensitivity 

Thermal sensitivity was assessed using the Hargreaves test, the hot plate test, the tail flick test, and 

the acetone test. In the Hargreaves test, the plantar surface of the paw was exposed to a radiant 

heat beam with 10-min intervals between trials. Paw withdrawal latency was measured five times 

per animal and averaged for analysis. For the hot plate test, mice were placed on a heated surface 

(48, 52, or 56 °C), and the latency to lick a hindpaw or jump was recorded. Cutoff times were set 

at 2 min for 48 °C, 1 min for 52 °C, and 30 s for 56 °C to prevent tissue damage. In the tail flick 

test, the distal end of the tail was exposed to radiant heat at 10-min intervals, and latency to flick 
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was measured five times per animal and averaged. Cold sensitivity was evaluated using the acetone 

test. A drop of acetone was gently applied to the lateral plantar surface of the paw with a blunted 

syringe needle without touching the skin. Responses were scored over 1 min using a previously 

established 0–5 scale: 0, no response; 1, quick withdrawal, flick, sniff, or paw stamp; 2, jumping 

or paw shaking; 3, multiple lifts or paw licking; 4, prolonged paw lifting, licking, shaking, or 

jumping; 5, paw guarding. 

Mechanical sensitivity 

Mechanical sensitivity was evaluated using calibrated von Frey filaments. The lateral plantar 

surface of each hindpaw was stimulated five times at 10-second intervals. The paw withdrawal 

threshold was defined as the smallest filament that elicited a reflexive flinch in at least 3 of the 5 

trials. 

Capsaicin test 

The capsaicin test was conducted via intraplantar injection into the left hindpaw (Sigma-Aldrich, 

M2028; 0.2 μg per animal in 20 μl saline with 10% ethanol). Animals were video-recorded for 5 

minutes, and the duration of licking and flinching behaviors was quantified. 

Complete Freund's adjuvant (CFA) assay 

Persistent inflammatory pain was induced by injecting 20 μl of freshly prepared CFA (50% in 

saline) into the plantar surface of the right hindpaw. Thermal and mechanical hypersensitivities 

were assessed using the Hargreaves and von Frey tests, respectively. 

 

Spared nerve injury (SNI) 

SNI was performed as previously described 70. Briefly, mice were anesthetized with a ketamine 

(90 mg/kg) and xylazine (10 mg/kg) cocktail. The three terminal branches of the sciatic nerve were 
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exposed, and the common peroneal and tibial nerves were transected, leaving the sural nerve intact. 

Muscle and skin were sutured in two layers. Mechanical hypersensitivity was assessed using the 

von Frey test.  

 

Intraspinal virus injection 

Intraspinal AAV injections were performed as previously described 54. Nk3riCre mice were 

anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) intraperitoneally and received 

buprenorphine (BupSR, 0.5 mg/kg) for analgesia. To enable manipulation of scratching behavior 

at the nape region, the cervical vertebrae (C2–C6) were exposed, and the vertebral column was 

secured in a stereotaxic frame with spinal adaptors, following previously established procedures5. 

Surrounding tissue was carefully removed to expose the spinal cord, and the dura was incised with 

a sharp needle. AAV2/8-Vgat-DIO-hM3Dq-mCherry (2.0 × 10¹³ vg/mL), AAV2/8-Vgat-DIO-

hM4Di-mCherry (2.0 × 10¹³ vg/mL), or AAV5-Ef1a-DIO-eYFP (2 × 10¹³ vg/mL) was injected into 

the left side of the spinal cord at three sites between successive vertebrae (C3–C5) using a 

Hamilton Neuros-syringe with a 34-gauge beveled needle (20° angle, catalog number: 65458-02). 

The needle was inserted into the dorsal spinal cord at an angle of ~35° to a depth of ~250 μm, 

targeting the superficial dorsal horn. About 300 nL of virus was infused at a rate of 50 nL/min 

using a Stoelting Quintessential Injector (QSI, catalog number: 53311), and the needle remained 

in place for 5 min after injection before being slowly withdrawn. The incision was closed with 

nylon sutures, and the site was treated with triple antibiotic ointment and lidocaine. To prevent 

infection, animals received subcutaneous enrofloxacin (2.5 mg/kg in saline). Mice were allowed 

to recover on a warming pad and were returned to their home cages for 2 weeks to permit viral 

expression before clozapine N-oxide (CNO) administration. 
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Electrophysiology recording 

Spinal cord slice preparation 

NK3R-eGFP, GRPR-eGFP or VGAT-ChR2-eYFP mice were anesthetized with isoflurane and 

decapitated. The spinal cord along with the vertebrae was rapidly removed and placed in ice-cold 

dissecting Krebs’ solution (in mM: 95 NaCl, 50 sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 25 

glucose, 6 MgCl2, 1.5 CaCl2, 1 kynurenic acid; pH 7.4; 320 mOsm) bubbled with 95% O2 and 5% 

CO2. The lumbar spinal cord was isolated, embedded in 3% low-melting-point agarose (Thermo 

Fisher Scientific), and transverse slices (400 µm) were prepared using a vibrating microtome 

(WPI). Slices were then maintained in oxygenated Krebs’ solution (in mM: 125 NaCl, 50 sucrose, 

2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 25 glucose, 6 MgCl2, 1.5 CaCl2; pH 7.4; 320 mOsm) at 

35 °C for 30 min before being used for recordings. 

Patch clamp recording, dorsal root and optogenetic stimulation 

Whole-cell patch-clamp recordings were performed at room temperature on visually identified 

NK3R-eGFP or GRPR-eGFP neurons. Neurons were visualized using a BX51WI microscope 

(Olympus) equipped with Nomarski optics and a CCD camera (Dage-MTI). Slices were perfused 

at 2 mL/min with recording Krebs’ solution (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 

NaHCO3, 25 glucose, 1 MgCl2, 2 CaCl2; pH 7.4; 320 mOsm). Recording pipettes (3–5 MΩ, thick-

walled borosilicate) were filled with intracellular solution containing (in mM): 120 K-

methanesulfonate, 10 NaCl, 10 EGTA, 1 CaCl2, 10 HEPES, 5 ATP-Mg; pH 7.2 (adjusted with 

KOH), 300 mOsm. Inhibitory postsynaptic currents (IPSCs) in GRPR-eGFP neurons were 

recorded in voltage clamp at -10 mV using a cesium-based internal solution (in mM: 130 CsMeSO3, 
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10 NaCl, 10 EGTA, 1 CaCl2, 10 HEPES, 2 ATP-Mg; pH 7.3 with CsOH, 280–290 mOsm). 

Junction potentials were corrected post-recording. Signals were acquired with a Multiclamp 700A 

amplifier and pClamp 10 software (Molecular Devices), sampled at 10 kHz, and filtered at 2–

5 kHz. To evoke excitatory postsynaptic currents (EPSCs), the dorsal root attached to each slice 

was stimulated using a suction electrode (0.1 ms pulse duration). Stimulus intensities were <25 µA 

for Aβ fibers, 25–100 µA for Aδ fibers, and 100–500 µA for C fibers. Monosynaptic versus 

polysynaptic EPSCs were determined by high-frequency stimulation. Following previous criteria 

71, EPSCs showing no failures and constant latency (≤0.5 ms variability) during 20 consecutive 

stimulations at 20 Hz were classified as Aβ monosynaptic, at 10 Hz or 2 Hz as Aδ monosynaptic, 

and EPSCs showing no failures at 1 Hz (with variable latency) were classified as C monosynaptic.  

Channelrhodopsin-2 (ChR2)–mediated currents in VGAT-positive neurons from VGAT-ChR2-

eYFP mice were evoked by a 500-ms pulse of blue light (470 nm; High-Power LED Collimator 

LCS-0470-03-22, controlled by a BioLED Light Source Control Module, Mightex). Currents were 

recorded at a holding potential of -60 mV with a 20 s intertrial interval. In VGAT-negative neurons, 

identical light stimulation evoked only outward IPSCs. 

 

Patch clamp data analysis 

Resting membrane potential (RMP) was measured within the first 5 min of recording, and neurons 

with RMP more positive than –50 mV were excluded. Firing patterns were determined in current-

clamp mode by applying incremental current steps of 20 pA from a holding potential of 

approximately –80 mV, which facilitates the identification of delayed firing patterns by removing 

inactivation of the potassium IA current 35. Rheobase was defined as the minimal current required 

to elicit an action potential (AP). AP threshold was identified at the inflection point of the rising 
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phase, and AP amplitude was calculated as the difference between threshold and the peak of the 

first spike elicited at rheobase. First AP latency was measured as the time from current step onset 

to the first AP, and AP number was the total spikes fired during the step. Both latency and spike 

number were assessed at rheobase plus 80 pA.  

Electrophysiological properties of NK3R neurons were subjected to clustering analysis using 

Orange data mining software (v3.38). Datasets were imported, Euclidean distances calculated, and 

hierarchical clustering performed using Ward’s minimum variance method. Dendrograms were 

generated to visualize cluster output 39. 

Spontaneous excitatory or inhibitory postsynaptic currents (sEPSCs or sIPSCs) were 

analyzed offline with MiniAnalysis (Synaptosoft). Changes in frequency or amplitude were 

assessed by Kolmogorov-Smirnov tests on cumulative distributions of inter-event intervals or 

current amplitudes. Exogenous compounds—including Senktide (1 μM), Capsaicin (1 μM), 

Menthol (500 μM), Substance P (2 μM), Bicuculline methobromide (20 μM), Strychnine 

hydrochloride (500 nM), TTX (1 μM), and SB 223412 (3 μM)—were bath-applied. All drugs were 

obtained from Sigma-Aldrich. The concentrations of the compounds used were consistent with 

those reported in previous electrophysiological studies on brain and spinal cord slices72, also taking 

into account the limited drug penetration in this preparation.   

Data were analyzed offline using pClamp 10 (Molecular Devices) or MiniAnalysis 6.0 

(Synaptosoft), and graphs were prepared with SigmaPlot 16 (GraphPad). 

 

Monosynaptic retrograde tracing 

Briefly, 400 nL of a 1:1 mixture of rAAV2/9-Ef1α-DIO-EGFP-TVA and rAAV2/9-Ef1α-DIO-

RVG (2.0 × 10¹² vg/mL, BrainVTA) was injected into the cervical spinal cord of Nk3riCre or 
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GrpriCre mice. Two weeks later, 200 nL of RV-ENVA-dG-dsRed (2.0 × 10⁸ IFU/mL, BrainVTA) 

was delivered at the same site. One week after rabies virus injection, mice were perfused, and the 

spinal cord and dorsal root ganglia (DRGs) were sectioned and imaged using a Nikon C2+ confocal 

microscope (Nikon Instruments). Sections were subsequently processed for RNAscope in situ 

hybridization with Tac1, Nk3r, and Vgat probes (Advanced Cell Diagnostics) and imaged under 

the confocal microscope. Pre- and post-ISH images were aligned and merged for analysis. 

 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical methods are indicated in the Fig. legends where used. Data are presented as mean ± 

standard error of the mean (SEM), statistical details of the experiments can be found in the figure 

legends. Analyses were performed using Prism 7 (v7.0d, GraphPad). For electrophysiological data, 

parametric comparisons between two groups were performed using a paired t-test, while non-

parametric tests were applied when data were not normally distributed. For behavioral experiments, 

an F test was first used to assess variance equality between two groups, followed by Student’s t-

test to evaluate significance. For multiple comparisons, Bartlett’s test was used to assess variance 

homogeneity, and two-way ANOVA followed by appropriate post hoc tests was applied to 

determine statistical significance. Significance levels are indicated as *p < 0.05, **p < 0.01, ***p 

< 0.001, and ****p < 0.0001. A p-value < 0.05 was considered statistically significant.  
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Highlights 

 

NK3R inhibitory neurons exhibit distinct functional properties 

NK3R inhibitory neurons tonically gate itch, not pain  

NK3R neurons form monosynaptic contacts with Tac1 afferents and GRPR neurons 

Substance P activates NK3R interneurons in the dorsal horn  

 

eTOC blurb  

Shen et al. identify a population of dorsal horn inhibitory neurons that express neurokinin 3 (NK3R) 

receptors. They receive monosynaptic input from nociceptive primary afferents—including those 

releasing substance P—and project directly to itch-processing GRPR neurons. Silencing this inhibitory 

NK3R population disinhibits GRPR neurons, thereby triggering neuropathic itch. 
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