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Abstract 

Neuropeptidergic Inhibition of Pain Transmission 
 

Tyler Scott Nelson, PhD 
 

University of Pittsburgh, 2022 
 
 

 
            In the following dissertation, I present data implicating glutamatergic dorsal horn 

interneurons expressing the inhibitory G protein-coupled neuropeptide Y Y1 receptor (Y1-INs) in 

the development and maintenance of neuropathic pain. Neuropathic pain is a debilitating form of 

chronic pain that arises from a lesion or disease affecting the somatosensory system. Many 

symptoms of neuropathic pain are hypothesized to result from a loss of spinal cord dorsal horn 

inhibition and/or a gain in dorsal horn excitation that allow innocuous peripheral inputs to be 

perceived as painful. Thus, promising future pharmacological agents may dampen maladaptive 

spinal excitatory signaling. 

 

            One promising therapeutic candidate is neuropeptide Y (NPY) which exhibits long-lasting 

inhibitory control of spinal nociceptive transmission after injury, primarily through NPY-Y1 

receptor signaling. However, NPY Y1 receptors are found on Y1-INs, and NPY Y1 and Y2 

receptors are expressed on the central terminals of primary afferent neurons arising from the dorsal 

root ganglion. This dual expression complicates the interpretation of the specific site of anti-

nociceptive action for NPY. Thus, a major goal of this thesis was to clarify the specific site(s) of 

intrathecal NPY that mediate anti-hyperalgesia in rodent models of neuropathic pain. 

 

            In this dissertation I detail an extensive pre-clinical research history supporting spinally-

directed NPY Y1 agonists as a promising therapeutic for chronic pain. I demonstrate that Y1-INs 



 v 

are necessary and sufficient for the behavioral signs of neuropathic pain. Additionally, I use single 

cell RNA-sequencing data in combination with fluorescence in situ hybridization to segregate Y1-

INs into three distinct dorsal horn interneuron subpopulations and I demonstrate the conservation 

of these subpopulations across the murine, rhesus macaque, and human spinal cord dorsal horns. I 

also utilize genetic tools in combination with in vivo behavior to show that the Grp/Npy1r-

expressing subpopulation specifically is necessary for the manifestation of neuropathic pain. 

Finally, I present how endogenous spinal NPY Y1 receptor signaling can synergistically work with 

mu opiate receptor signaling to maintain postoperative pain in remission. Together, these 

observations increase our understanding of how nerve injury increases the excitability of Y1-INs 

and provide rationale for targeting spinal Y1-INs as a novel approach to treat neuropathic pain. 
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Preface 

            In the following dissertation, I examine the role of neuropeptides and neuropeptide 

receptor-expressing neurons and their ability to inhibit the pre-clinical behavioral signs of chronic 

pain in rodent models. I predominately focus on the endogenous neuropeptide, neuropeptide Y 

(NPY), and its ability to inhibit the behavioral signs of chronic neuropathic pain when applied to 

the spinal cord via acting at its’ cognate Y1 receptor. 

 

            Chapter 1 is largely based on a review article focusing on the extensive pre-clinical research 

history of spinal neuropeptide Y and Y1 signaling in both pain and itch that I published in Progress 

in Neurobiology in 2021 (Nelson and Taylor, 2021). 

 

            Chapter 2 is a research manuscript focusing on the role of spinal Y1 receptor-expressing 

interneurons (Y1-INs) in the development of neuropathic pain in rats that I published in Scientific 

Reports in 2019 (Nelson et al., 2019). 

 

            Chapter 3 is a research manuscript focusing on NPY Y1-selective spinal pharmacology 

and the characterization/modulation of spinal cord dorsal horn Y1-INs in a mouse model of 

neuropathic pain that is currently in revision at Proceedings of the National Academy of Sciences 

(Nelson et al., 2022). 

 

            Chapter 4 is a research manuscript focusing on the characterization of Y1-IN subtypes, 

their role in a mouse model of neuropathic pain, and the conservation of Y1-IN subtypes across 



 xix 

higher-order mammalian species that is currently in preparation for submission to Proceedings of 

the National Academy of Sciences. 

 

            Chapter 5 is a research manuscript focusing on a potent and long-lasting endogenous 

synergy between mu opiate receptor and NPY Y1 receptor signaling that persists to maintain 

chronic postoperative pain in remission that is currently under review at PNAS NEXUS. 

 

            Appendix A contains a Journal Club article that I published in The Journal of Neuroscience 

highlighting a research manuscript focusing on mechanical allodynia (Nelson, 2019). 

 

            Appendix B details a collaborative study where I inhibited downstream NPY Y1 signaling 

pathways to reinstate the behavioral signs of inflammatory pain that is published in PAIN (Fu et 

al., 2019). 

 

            Appendix C details a study where I performed NPY Y2-selective spinal pharmacology in 

a mouse model of neuropathic pain that is part of a larger study in preparation for submission. 

 

            Appendix D details a collaborative study where I performed pharmacological and 

chemogenetic inhibition of the parabrachial nucleus Y1 receptor-expressing neuron population in 

a mouse model of neuropathic pain. 
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1.0 Introduction and background 

1.1 Introduction and overall hypothesis 

 
            Nociceptor activation normally provides a protective function that can reduce tissue 

damage in the face of potentially hazardous stimuli. However, after tissue damage occurs, 

pathological changes within peripheral or central neurons can lead to chronic pain (Gold and 

Gebhart, 2010; Kuner, 2010; Latremoliere and Woolf, 2009). Chronic pain conditions place 

significant burdens on patients, their families, and society by reducing quality of life and creating 

enormous financial consequences that total more than 630 billion USD annually for the United 

States of America alone (Gaskin and Richard, 2012; Henschke et al., 2015). One particularly 

debilitating form of chronic pain is neuropathic pain that arises from a lesion or disease affecting 

the somatosensory system (Costigan et al., 2009; Finnerup et al., 2021; Jensen and Finnerup, 

2014). The median population prevalence rate for neuropathic pain is 9.4% (Van Hecke et al., 

2014). Neuropathic pain presents as spontaneous pain (non-stimulus evoked), hyperalgesia (a 

noxious stimulus evokes more pain than prior applications of the same stimulus), and/or allodynia 

(a non-noxious stimulus evokes a pain response) (Colloca et al., 2017).  

 

            Interneurons in the dorsal horn of the spinal cord receive direct inputs from primary 

afferents in the periphery that respond to both noxious and innocuous stimuli (Moehring et al., 

2018). The incoming afferent information is processed by complex dorsal horn microcircuits 

involving inhibitory and excitatory interneurons before being transmitted via projection neurons 

to several higher-order brain areas (Peirs and Seal, 2016; Todd, 2010). The heterogeneous spinal 
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cord interneuron populations/microcircuits are essential for processing peripheral sensory input, 

and changes in their integration/signaling result in sensory dysfunctions such as allodynia 

(Benarroch, 2016; Lolignier et al., 2014; Moehring et al., 2018; Todd, 2010). Thus, maladaptive 

spinal signaling is hypothesized to be the underlying cause of varying forms of chronic pain and 

in particular neuropathic pain (Peirs et al., 2021, 2020; Peirs and Seal, 2016; Woolf and Salter, 

2000). Consequently, the dorsal horn spinal cord interneurons represent a promising target for the 

development of novel pain therapeutics. 

 

            Excitatory and inhibitory dorsal horn interneurons process somatosensory input and the 

balance between the two determines the net outflow of pain signals from neurons projecting to the 

brain (Koch et al., 2018). In neuropathic pain, loss of dorsal horn inhibition allows the propagation 

of low threshold innocuous touch inputs to be perceived as painful (Lu et al., 2013; Miracourt et 

al., 2007; Petitjean et al., 2015; Schoffnegger et al., 2008). However, the excitatory interneurons 

that propagate the innocuous inputs as painful following nerve injury remain to be determined. 

Multiple populations of excitatory interneurons may mediate neuropathic pain (Peirs et al., 2021, 

2020; Todd, 2017), but few represent readily druggable pharmaceutical targets. One promising 

exception is an excitatory subpopulation that express the Gi protein-coupled Y1 receptor for 

neuropeptide Y (NPY) (Diaz-delCastillo et al., 2018).  

 

            A rich and growing body of preclinical evidence implicates spinal NPY, acting via its 

cognate Y1 and Y2 receptors, in the potent inhibition of chronic pain (Brumovsky et al., 2007; 

Diaz-delCastillo et al., 2018; Hökfelt et al., 2007; Smith et al., 2007). In vitro quantitative receptor 

autoradiography demonstrates the highest density of NPY binding sites in superficial laminae I-II 
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of the dorsal horn (Kar and Quirion, 1992), a key relay of noxious sensations from the periphery 

to the brain. The antinociceptive actions of NPY may be occurring via targeting Y1 receptor-

expressing interneurons (Y1-INs) that are an abundant subpopulation of interneurons in laminae 

I-II of the dorsal horn (Brumovsky et al., 2007, 2006), the central terminals of Y1 receptor-

expressing peptidergic primary afferents (Taylor et al., 2014; Zhang et al., 1994), or the central 

terminals of Y2 receptor-expressing small-to-medium sized, peptidergic, thinly myelinated, 

putative A-nociceptor primary afferents (Brumovsky et al., 2005). 

 

            This dissertation tests the hypothesis that exogenous or endogenous spinal neuropeptide Y 

potently inhibits the behavioral signs of chronic pain via inhibiting pain facilitatory Y1 receptor-

expressing dorsal horn interneurons. 
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1.2 Brief overview of spinal pain circuitry implicated in neuropathic pain 

            A hallmark of pathological pain stemming from nerve injury is pain experienced in 

response to light mechanical touch, clinically referred to as mechanical allodynia or touch-evoked 

pain (Lolignier et al., 2014). Changes in the spinal cord dorsal horn microcircuitry are strongly 

implicated as the underlying cause of mechanical allodynia (Peirs et al., 2020; Peirs and Seal, 

2016). Within the dorsal horn, a laminar architecture largely segregates noxious and innocuous 

sensory inputs (Rexed, 1952). High threshold C and Aδ-fibers that transmit noxious inputs, itch, 

and temperature synapse in superficial laminae I-II in the dorsal horn. Conversely, low threshold 

C and Aδ-fibers transmitting aspects of touch largely synapse in inner lamina II-III, while 

innocuous touch A-fibers largely synapse in inner laminae II-IV. Therefore, superficial dorsal horn 

is primarily involved in the processing and transmission of noxious inputs, while inner laminae II-

IV process innocuous inputs or aspects of touch, denoting this region the low-threshold 

mechanosensor-recipient zone (LTMR-RZ) (Moehring et al., 2018) (Figure 1). However, 

following peripheral nerve injury, pathological changes within the dorsal horn allow innocuous 

inputs to the LTMR-RZ to be propagated to the superficial dorsal horn and ultimately be perceived 

as noxious. 
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Figure 1. General organization of pain and touch circuitry in the spinal cord 

Inner lamina II through lamina IV represents the low-threshold mechanosensory recipient zone (LTMR-RZ) shown 

in light blue. PKCγ interneurons are found in a dense band in inner lamina II at the boundary between the LTMR-

RZ and superficial lamina that receive, modulate, and transmit noxious stimuli. 

 

            Input from low threshold mechanoreceptors does not excite nociceptive projection neurons 

in lamina I. Aβ activation in slices from naïve rats remains confined to the LTMR-RZ, but 

following spared nerve injury (SNI), excitation spreads to the superficial dorsal horn 

(Schoffnegger et al., 2008). This spread of innocuous touch input into superficial dorsal horn is 

believed to be mediated through a loss of inhibition in the spinal cord as bath applications of 

GABAA and glycine receptor antagonists in slices from naïve rats is sufficient to reproduce the 

spread of excitation into superficial dorsal horn (Schoffnegger et al., 2008). Further evidence for 

the loss of inhibition mediating allodynia stems from ablation or inhibition of dynorphin, glycine, 

parvalbumin, and neuropeptide Y inhibitory neuron populations in the dorsal horn, all of which 

are able to induce tactile allodynia (Duan et al., 2014; Foster et al., 2015; Petitjean et al., 2015; 

Tashima et al., 2021). Pharmacologically-mediated glycinergic disinhibition is also sufficient to 
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induce spikes and cFos activation in superficial laminae of the dorsal horn in response to Aβ-fiber 

range stimuli (Miracourt et al., 2007). At the boundary between the LTMR-RZ and the superficial 

dorsal horn, Fos positive cells colocalize with neurons immunoreactive for protein kinase C γ 

(PKCγ), implicating PKCγ interneurons in the transmission of innocuous input to nociceptive 

projection neurons (Figure 1) (Neumann et al., 2008; Peirs et al., 2015). Intracisternal 

administration of a selective PKCγ inhibitor prevents both behavioral mechanical allodynia and 

superficial Fos activation in animals with glycinergic disinhibition (Miracourt et al., 2007), and 

intrathecal PKCγ inhibitors also attenuate SNI-induced mechanical allodynia (Peirs et al., 2021; 

Petitjean et al., 2015). 

 

            PKCγ interneurons are primarily found in a dense band within inner lamina II of the dorsal 

horn and are activated by innocuous but not noxious stimuli (Neumann et al., 2008; Polgár et al., 

1999). Paired neural recordings demonstrate that PKCγ interneurons undergo strong glycinergic 

feedforward inhibition in response to dorsal root stimulation at C, Aδ, and Aβ fiber input ranges 

(Lu et al., 2013). However, following peripheral nerve injury, this feedforward inhibition is lost 

and activation at each of C, Aδ, and Aβ fiber inputs produces EPSPs in both PKCγ interneurons 

as well as in paired transient central cells superficial to the PKCγ interneurons (Lu et al., 2013; 

Wang et al., 2020). Transient central cells are excitatory neurons in lamina II that receive direct C 

fiber input and can activate vertical cells, which in turn can activate pain projection neurons in 

lamina I (Lu and Perl, 2005). One potential source for the loss of feedforward inhibition is the loss 

of parvalbumin-positive inhibitory synaptic appositions onto PKCγ interneurons that has been 

found following SNI (Petitjean et al., 2015). Furthermore, pharmacological inhibition of PKCγ 

attenuates tactile allodynia after SNI as well as the induction of Fos in superficial laminae after 
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light mechanical stimulation (Peirs et al., 2021; Petitjean et al., 2015). Thus, it is hypothesized that 

loss of feedforward inhibition onto PKCγ interneurons opens a “gate” and permits innocuous input 

to be propagated throughout the nociceptive circuitry, and consequently, selective inhibition of 

PKCγ attenuates both behavioral and immunohistochemical markers of tactile allodynia following 

nerve injury. 

 

            Models of the spinal neural circuit for allodynia include propagation of low threshold 

mechanosensory information from disinhibited PKCγ interneurons, to transient central cells, to 

vertical cells, and then to NK1R projection neurons (Peirs and Seal, 2016; Todd, 2017) (Figure 

2). While the vertical cell population has recently been denoted as interneurons that express the 

gastrin releasing peptide receptor (Polgár et al., 2022), the identity of transient central cells remains 

unknown, The transient central cell population likely involves a subset of somatostatin-expressing 

excitatory interneurons as their ablation causes loss of mechanical pain (Duan et al., 2014). One 

population of transient central cells has been identified that expresses gastrin releasing peptide but 

this population is hypothesized to be involved in itch and not pain (Albisetti et al., 2019; Dickie et 

al., 2019). Peirs et al. have identified the calretenin interneurons as a candidate transient central 

cell population based on the fact that chemogenetic activation of dorsal horn calretenin 

interneurons produces mechanical allodynia (Peirs et al., 2015). However, neuronal activity (Fos 

immunohistochemistry) and behavioral analyses demonstrate that calretenin interneurons play a 

larger role in inflammatory mechanical allodynia than neuropathic injury-mediated mechanical 

allodynia (Peirs et al., 2015), and calretenin firing patterns in response to current injection do not 

match well with the transient firing type (Smith et al., 2015). Excitatory interneurons that express 

the neuropeptide Y1 receptor are one likely candidate transient central cell population as their 
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firing pattern in response to current injection closely matches the transient type (Sinha et al., 2021), 

and we have recently implicated this population as necessary for the manifestation of peripheral 

nerve injury-induced mechanical allodynia (Nelson et al., 2019). In conclusion, more research is 

needed to identify the excitatory interneuron populations that connect low threshold 

mechanoreceptors with lamina I projection neurons to propagate nerve injury-induced allodynia. 

 

 

Figure 2. A diagram of the mechanical allodynia circuitry. 

Myelinated low-threshold afferent A fibers synapse in the LTMR-RZ. A feedforward circuit involving inhibitory 

parvalbumin and glycinergic interneurons normally prevents activation of PKCγ interneurons by the A fibers, 

however, following peripheral nerve injury this feedforward inhibition is lost. A dorsally-directed polysynaptic 

circuit allows activation of PKCγ interneurons, transient central cells, vertical cells, and lamina I projection neurons 

by low-threshold mechanosensory afferent input. This schematic is taken from (Todd, 2017) and largely based on 

the work of (Grudt and Perl, 2002; Lu et al., 2013). 
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1.3 Neuropeptide Y receptor anatomy and physiology in the dorsal root ganglion and 
dorsal horn of the spinal cord 

Neuropeptide Y (NPY) is a 36 amino acid peptide first described in 1982 (Tatemoto et al., 

1982). It is highly expressed throughout the body and regulates a wide variety of physiological 

processes that include food intake, emotional regulation, and cardiovascular function (Brothers 

and Wahlestedt, 2010). Most species express at least 4 of the different receptor subtypes that bind 

NPY: Y1, Y2, Y4, and Y5. All NPY receptor subtypes are Gi protein-coupled receptors, so NPY 

agonists decrease the production of cyclic adenosine monophosphate (cAMP) thus dampening 

intracellular signaling (Brothers and Wahlestedt, 2010; Brumovsky et al., 2007). NPY receptors 

are located in the spinal cord across a wide variety of species, including humans (Allen et al., 1984; 

Gibson et al., 1984). In vitro quantitative receptor autoradiography demonstrates the highest 

density of NPY binding sites in superficial laminae I-II of the dorsal horn (Kar and Quirion, 1992), 

a key relay of noxious sensations from the periphery to the brain. Evidence suggests that only Y1 

and Y2 receptor expression is found at the spinal level (Brumovsky et al., 2007; Diaz-delCastillo 

et al., 2018; Hökfelt et al., 2007; Smith et al., 2007).  

 

1.3.1 Expression of NPY receptors in the dorsal root ganglion 

Y1 receptor expression is found in the somatic plasmalemma of small, unmyelinated, 

calcitonin gene-related peptide (CGRP)-expressing, peptidergic neurons in the dorsal root 

ganglion (DRG) (Taylor et al., 2014; Zhang et al., 1994). Y1 and CGRP are co-expressed 

extensively in the DRG soma, and it is becoming increasingly apparent that Y1 is trafficked to 

central terminals in the dorsal horn only to a limited degree. First, CGRP-positive primary afferent 

terminals rarely (if-ever) co-express Y1 receptor-like immunoreactivity in the substantia 



 10 

gelatinosa (Brumovsky et al., 2002; Taylor et al., 2014; Zhang et al., 1994); this could be due to 

extremely sparse expression or limitations in currently available detection tools. Second, despite 

the clear finding that sciatic nerve ligation robustly downregulates Y1 receptor expression in the 

DRG and slightly alters Y1 expression in the dorsal horn (proposed to be an effect on Y1-INs and 

not central terminals) (Brumovsky et al., 2004), other forms of peripheral nerve injury, including 

dorsal rhizotomy, sciatic nerve transection, or spared nerve injury, cause little to no change in Y1 

immunoreactivity in the superficial dorsal horn (Nazli and Morris, 2000; Nelson et al., 2019; 

Zhang et al., 1994). Thus, it seems that Y1 expression is robust in the soma of CGRP-expressing 

DRG neurons but minimal at their central terminals. This is consistent with the idea that NPY acts 

at Y2 rather than Y1 receptors on the central terminals of primary afferents to inhibit SP release 

(Duggan et al., 1991) and electrical stimulus-evoked EPSCs (Moran et al., 2004).   

 

Y2 receptor-like immunoreactivity is found in approximately 10% of rat lumbar DRG 

neurons, most of which are small-to-medium sized, peptidergic, thinly myelinated, putative A-

nociceptors (Brumovsky et al., 2005). In support of this characterization, an Npy2rChR2 mouse line 

found the majority (75%) of ChR2 expression in lumbar DRG neurons that co-

express neurofilament- heavy polypeptide (Nefh), a marker of myelinated neurons, CGRP, and the 

nerve growth factor receptor TRKA, a peptidergic nociceptor marker, altogether indicating that 

Y2 neurons are a population of A-fibers that mediate pain (Arcourt et al., 2017). However, an 

earlier characterization of an Npy2reGFP mouse line found eGFP-positive afferents that formed 

lanceolate endings around hair follicles: this is characteristic of rapidly adapting, low-threshold, 

Aß-mechanoreceptors that mediate light touch somatosensation (Li et al., 2011). This discrepancy 

is now partially resolved with a comprehensive analysis of Npy2r-expressing DRG neurons from 
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three separate single-cell RNA sequencing gene expression datasets. These datasets demonstrate 

that Npy2r is expressed in 90% of Nppb/Sst neurons (implicated in the transduction of 

histaminergic itch), 38% of all Aẟ-nociceptors, and 17% of all C-nociceptors; less than 10% Npy2r 

expression is detected in other cell types including Aß-mechanoreceptors (Ma et al., 2020). 

Together, these results indicate that Y2 receptors are most heavily expressed in small, peptidergic, 

thinly myelinated, A-fiber nociceptors that contribute to pain (Chen et al., 2019) and unmyelinated 

Nppb/Sst afferents implicated in itch (Huang et al., 2018; Ma et al., 2020). 

 

1.3.2 Localization of Y1-INs and NPY receptors in the spinal cord 

To date, at least seven distinct populations of Y1-INs have been identified in the rat lumbar 

spinal cord (for a more detailed review see (Brumovsky et al., 2007, 2006)), the most abundant of 

which are referred to as  Type 1 Y1-INs (Brumovsky et al., 2006). Type 1 Y1-INs are densely 

packed within the superficial dorsal horn, particularly in outer lamina II (Brumovsky et al., 2006; 

Hökfelt et al., 2007). In rat, Y1-INs do not colocalize with the PKCγ interneurons that demarcate 

the lamina II-III border but instead lie in a tight band just dorsal to them (Nelson et al., 2019). 

Brumovsky and Hökfelt’s comprehensive analysis of Y1 immunolabeling in the dorsal horn of the 

rat awaits replication in the mouse.  

 

The vast majority of Y1-INs in outer lamina II are small, fusiform-like shaped, bipolar cells 

with dendrites extending in the rostral-caudal but not dorsal-ventral axes (Brumovsky et al., 2006). 

Of the five morphological classes of lamina II interneurons described by Grudt and Perl (Grudt 

and Perl, 2002), we note that Y1-IN morphology closely matches the “central cell” class. Central 

cells are restricted to lamina II with a fairly dense dendritic arbor that extends moderately in the 
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rostral-caudal direction and limited dorsal-ventral branching. Additionally, a central cell (and 

fusiform)-like morphology was noted for ~2/3 of identified lamina II Y1-Cre lineage neurons in 

the mouse (Acton et al., 2019). Finally, electrophysiological recordings found the majority of 

neurons that responded to NPY application exhibited a morphology characteristic of central or 

radial cells (~77%) and only rarely exhibited the morphological characteristics of vertical cells 

(~8%) (Melnick, 2012).  Taken together, these data indicate that most Y1-INs in lamina II of the 

dorsal horn demonstrate a central cell-like morphology. 

 

Y2 receptors are rarely detected in spinal cord interneurons, as: 1) Y2 receptor-like 

immunoreactivity in the dorsal horn is restricted to central terminals and never colocalizes with a 

somatic marker (Brumovsky et al., 2005); 2) dorsal rhizotomy completely eliminates the 

expression of Y2 receptor immunoreactivity in the dorsal horn (Brumovsky et al., 2005); 3) 

Npy2reGFP BAC transgenic mice express minimal to no adult GFP expression in the dorsal horn 

(GENSAT, Stock No: 011016-UCD); and 4) a single cell RNAseq analysis of the dorsal horn 

reported only a very sparse (and possibly insignificant or nonexistent) expression of Npy2r in the 

GABA10 subpopulation of GABAergic interneurons (Häring et al., 2018). This extremely sparse 

expression of Y2 in dorsal horn neurons is in stark contrast to the robust expression of Y1 on Y1-

INs. 
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1.3.3 Neurophysiological responses of superficial dorsal horn neurons to NPY receptor 
agonists 

Whole cell recordings in the rat spinal cord slice consistently indicate that bath application 

of NPY inhibits both presynaptic and postsynaptic components of excitatory neurotransmission in 

the dorsal horn (Table 1). Interrogation of presynaptic mechanisms with voltage-clamp recordings 

revealed that Y2- but not Y1-selective agonists inhibit the frequency but not amplitude of TTX-

resistant miniature excitatory postsynaptic currents (mEPSCs) (Moran et al., 2004); likewise, Y2 

but not Y1-selective antagonists blocked the ability of NPY itself to inhibit mEPSC frequency 

(Melnick, 2012; Moran et al., 2004).  Also indicative of a presynaptic action was the ability of 

NPY to change paired-pulse ratio (Moran et al., 2004). However, further studies are needed in 

molecularly and/or morphologically identified neurons, as one study could not confirm presynaptic 

effects of NPY on mEPSCs, possibly due to the tremendous heterogeneity of unclassified 

substantia gelatinosa neurons (Miyakawa et al., 2005). Further studies are needed to profile subsets 

of Y1-INs based on molecular, morphological, and/or electrophysiological characteristics. One 

exciting approach uses transgenic reporter mice to better elucidate intrinsic and evoked firing 

patterns and perhaps reveal functionally distinct subclasses of Y1-INs. Such an approach has been 

used to study calretinin-, substance P, and GRP -expressing interneuron populations in the dorsal 

horn, for example ((Dickie et al., 2019; Smith et al., 2015)). Albeit, the current consensus is that 

Y2 inhibition of presynaptic boutons reduces the release of pronociceptive neurotransmitters 

(Smith et al., 2007). This is most likely from the central terminals of primary afferent neurons, as 

Y2 expression has not been found on local interneurons or the terminals of supraspinal neurons 

(see 1.1.2). 
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In stark contrast to the view that Y2 mediates the ability of NPY to presynaptically inhibit 

central terminals, the prevailing view is that Y1 mediates the ability of NPY to postsynaptically 

inhibit spinal interneurons. Bath administration of NPY or the Y1 receptor-specific agonist 

[Leu31,Pro34]-NPY consistently produced an outward current and membrane hyperpolarization in 

spinal interneurons that can be blocked with Y1 but not Y2 antagonists (Melnick, 2012; Miyakawa 

et al., 2005; Sinha et al., 2021). The NPY-induced outward current was blocked with either barium 

ions or cesium ions + TEA, consistent with activation of K+ channels (Melnick, 2012; Miyakawa 

et al., 2005). The NPY current was also blocked with GDP-β-S (Melnick, 2012; Miyakawa et al., 

2005), and current-voltage curves revealed that NPY generated inward rectification in some 

neurons (Miyakawa et al., 2005; Moran et al., 2004), suggesting an NPY-mediated activation of 

Gi-protein coupled inwardly rectifying K+ (GIRK) channels. However, NPY activated an inwardly 

rectifying potassium conductance in only a subset (26%) of cells (Moran et al., 2004); the low 

percentage may reflect the fact that recordings were conducted in unidentified neurons that may 

or may not express Y1. Therefore, it is through GIRK channels that NPY is thought to 

hyperpolarize excitatory Y1-INs and thus block action potential discharge, leading to the occlusion 

of spinal transmission of nociceptive signals from the central terminal of primary afferent neurons. 

Further evidence for this comes from voltage-clamp studies showing that NPY inhibits eEPSCs 

and dorsal root stimulation-evoked action potentials (Miyakawa et al., 2005; Moran et al., 2004; 

Sinha et al., 2021). These data provide the framework for the simplest and most prominent 

postsynaptic mechanism of NPY analgesia (Figure 3). 
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Figure 3. An intracellular signaling mechanism in spinal Y1-INs for the endogenous or pharmacological 

inhibition of chronic pain by NPY 

Injury induced sensitization and pain (denoted in red). Tissue injury leads to the opening of N-methyl-D-

aspartate receptors (NMDAR) (1) and subsequent calcium influx into the cell (2). Increased calcium stimulates 

adenylyl cyclase type 1 (AC1) (3) to catalyze the conversion of adenosine triphosphate (ATP) into cyclic adenosine 

monophosphate (cAMP) (4). Increased cytosolic cAMP serves as a second messenger that activates protein kinase A 

(PKA) and exchange protein activated by cAMP (Epac) (5) leading to long term potentiation and increased neuronal 

responsiveness to nociceptive inputs that are characteristic of central and latent sensitization (6). Central/latent 

sensitization in Y1-INs leads to the development and maintenance of chronic pain (7). Endogenous or exogenous 

NPY inhibition of pain (denoted in blue). NPY binds to Y1 Gi protein-coupled receptors on Y1-INs (1), and Gi 

protein activation leads to potent inhibition of AC1 that significantly decreases cytosolic cAMP levels (2). 

Additionally, activation of Gi promotes the opening of gated inwardly rectifying potassium channels (GIRK) and 

potassium influx (3) that lead to hyperpolarization of Y1-INs (4). Thus Y1-selective ligand binding acts as a 

therapeutic in order to promote anti-hyperalgesia and hold chronic pain in a state of remission. Published in (Nelson 

and Taylor, 2021). 
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Like mu opioid receptor analgesic drugs, Y1 agonists suppress not only excitatory but also 

inhibitory synaptic events in substantia gelatinosa neurons. For example, either NPY or the Y1 

agonist [F7,P34]NPY effectively and reversibly attenuated eIPSCs that were evoked by dorsal root 

stimulation (Moran et al., 2004; Smith et al., 2007). To reconcile this finding with the clear anti-

hyperalgesic effects of NPY, we proposed a second mechanism of NPY analgesia: NPY/Y1 

inhibits the spinal release of inhibitory neurotransmitters onto inhibitory neurons, e.g. disinhibition 

of pain inhibition (Smith et al., 2007); however, this hypothesis requires demonstration that Y1 

agonists will preferentially decrease eIPSCs in inhibitory neurons. A third and more likely 

explanation is that Y1 agonists dampen excitatory inputs from Y1-INs to many classes of dorsal 

horn interneurons, including inhibitory ones. Thus, reducing excitatory Y1-IN inputs to both 

excitatory and inhibitory neurons dampens net excitatory and inhibitory transmission. 

1.4 Immunohistochemical, neurophysiological, and genetic identification of excitatory Y1-
IN subpopulations 

1.4.1 Immunohistochemical evidence of Y1-INs as a subpopulation of excitatory 
interneurons 

            Tomas Hökfelt and colleagues were the first to demonstrate in rat dorsal horn that Y1-INs 

are predominantly excitatory (Zhang et al., 1999). This was based on the extensive co-expression 

of Y1 and somatostatin immunoreactivity; somatostatin is almost exclusively expressed in 

glutamatergic and not GABAergic interneurons (Chamessian et al., 2018; Duan et al., 2014). The 

large-scale transcriptomic analyses discussed in section 1.2.4 are consistent with the detection of 

Npy1r in excitatory, somatostatinergic interneurons in the superficial dorsal horn, but 



 17 

immunohistochemical co-labeling had been difficult to interpret due to the intense plexus of 

dendritic and terminal staining that surrounds Y1-immunopositive cells. Therefore, to enhance Y1 

resolution within dorsal horn neurons, we first injected NPY by the intrathecal route to promote 

receptor internalization, thereby concentrating the Y1 signal within the cell soma. With this new 

method, we reported that rat Y1-INs colocalize not only with somatostatin, but also with 

immunoreactivity for calbindin (~36% colocalization) and calretinin (~19% colocalization) 

(Nelson et al., 2019), two additional markers of excitatory interneuron populations implicated in 

nociceptive transmission (Craig et al., 2002; Peirs et al., 2015; Petitjean et al., 2019; Smith et al., 

2019, 2015). Future immunohistochemical studies with newly established and largely 

nonoverlapping neurochemical markers of excitatory interneurons in superficial dorsal horn, such 

as substance P, Neuropeptide FF, and cholecystokinin (Dickie et al., 2019; Gutierrez-Mecinas et 

al., 2019; Todd, 2017), will enable the further segregation of Y1-INs into distinct subpopulations. 

1.4.2 Y1-Cre lineage neurons are a subpopulation of excitatory interneurons 

            The above findings have been difficult to replicate in the mouse due to the absence of a 

specific Y1 antibody that robustly stains mouse spinal cord, leading some to turn to Y1-Cre lineage 

neurons characterized in a Y1-Cre x tdTomato reporter mouse line. This approach reveals 

colocalization with two markers of excitatory interneurons that have been implicated in the 

transduction of mechanical stimuli: cMaf+ (~35% colocalization): and retinoid-related orphan 

receptor alpha (RORa) (~10% colocalization), as well as gastrin releasing peptide (GRP)-

expressing neurons (~15% colocalization) and  neurokinin 1 receptor (NK1R)-expressing 

interneurons, located in both superficial (lamina I) and deep (lamina III-IV) dorsal horn (~10% 

colocalization). Colocalization was not detected with either gastrin releasing peptide receptor 



 18 

(GRPR)-expressing interneurons or cells that express the astrocytic markers s100b or glial 

fibrillary acidic protein (GFAP) (Acton et al., 2019). A cautionary note with interpretation of this 

data, however, is that the Y1-Cre lineage captured an extremely large population of dorsal horn 

neurons (~40% of total NeuN+ dorsal horn neurons). Many of these likely represent neurons that 

exhibit transient Npy1r expression in development, as ~55% of adult Y1-Cre lineage neurons 

contained Npy1r mRNA. A large population of deeper neurons (lamina IIi – lamina III) was also 

labeled with tdTomato yet found to be Npy1r negative (Acton et al., 2019). Against this backdrop, 

we note that c-Maf is predominately expressed in the interneurons of laminae III-IV (Hu et al., 

2012), while Y1 is predominately expressed in superficial dorsal horn (Brumovsky et al., 2007, 

2006; Nelson et al., 2019). Furthermore, both single-cell and single-nucleosome transcriptional 

profiling indicate that the Npy1r and Maf genes are in distinct clusters of dorsal horn interneurons 

(Häring et al., 2018; Sathyamurthy et al., 2018). These data suggest that any colocalization of Y1-

Cre lineage neurons with c-Maf represents an artifact of transient expression during development. 

This can be tested with double-label fluorescence in situ hybridization in dorsal horn of the adult 

mouse. 
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1.4.3 Developmental fate transcription factors indicate that Y1-INs are excitatory 

interneurons 

            Tlx1/3 is a transcription factor that determines glutamatergic cell fate in dorsal horn 

interneurons (Cheng et al., 2005; Guo et al., 2012; Xu et al., 2008). In situ hybridization of Npy1r 

mRNA with antibodies against Tlx3 established that the majority of dorsal horn superficial Y1-

INs are glutamatergic neurons. Additionally, Tlx1/3 knockout almost completely abolished Npy1r 

expression in mouse dorsal horn (Guo et al., 2012). Perhaps most convincingly, we show here for 

the first time that Y1-immunoreactivity densely colocalizes with Tlx3-immunoreactivity in the 

lumbar dorsal horn of rats (Figure 4). Another transcription factor that is downstream from Tlx1/3, 

Lmx1b, is also found almost exclusively in excitatory spinal neurons and is extensively colocalized 

with Y1-Cre lineage neurons in mice (Acton et al., 2019). Conversely, Pax2 is a transcription 

factor that determines inhibitory cell fate in dorsal horn interneurons (Huang et al., 2008), and 

Pax2 immunoreactivity does not colocalize with Y1-INs in rat (Nelson et al., 2019) (Figure 4) or 

Y1-Cre lineage neurons in mouse (Acton et al., 2019). Together these data indicate that almost all 

Y1-INs in dorsal horn are glutamatergic. 
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Figure 4 . Y1-INs colocalize with excitatory Tlx3 but not inhibitory Pax2 immunoreactivity in rat dorsal horn 
 

98.96% of Y1-INs in lamina II colocalize with the excitatory neuronal marker Tlx3 (A, B). In contrast, 3.39% of 

Y1-INs colocalize with the inhibitory neuronal marker Pax2 (C, D). Panels B and D show magnified images from 

their respective regions of interest. Arrows indicate instances of colabeling. Scale bars: 10 µm. All images are 

courtesy of Dr. Weisi Fu. Images A and B are published here for the first time in (Nelson and Taylor, 2021). Images 

C and D are reproduced with permission from (Nelson et al., 2019). Methods are described in detail in (Nelson et 

al., 2019). Briefly, male Sprague-Dawley rats (Charles Rivers Laboratories) were perfused and L4-L6 transverse 

spinal cord sections were collected. Primary antibodies: rabbit anti-NPY Y1 receptor (1: 5,000, courtesy of Janice 

Urban), and guinea pig anti-Tlx3 (1: 10,000, courtesy of Carmen Birchmeier), goat anti-Pax-2 (R&D systems, 1: 

1,000, AF3364). To help with identification of Y1-INs, two successive intrathecal injections of 30µg NPY were 

performed in naïve rats, separated by 1h to promote Y1 receptor internalization (Nelson et al., 2019). Published in 

(Nelson and Taylor, 2021). 
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1.4.4 Transcriptomic sub-classification of Y1-IN subpopulations 

            High-throughput, unbiased, transcriptomic analyses have revolutionized the 

characterization of interneuron populations in the dorsal horn, as pioneered by the laboratories of 

Ariel Levine and Patrik Ernfors. In the first dorsal horn transcriptomics study, Sathyamurthy et al. 

used single-nucleus transcriptional profiling and identified Npy1r-expressing neurons as one of the 

43 cluster types (DE-2) to be selectively enriched. DE-2 is an excitatory interneuron cluster defined 

by the expression not only of Npy1r but also by the expression of both neuropeptide genes Grp 

(codes for gastrin releasing peptide) and Sst (codes for somatostatin) (Sathyamurthy et al., 2018). 

This is interesting because, as described in 1.2.1, Y1-INs extensively colocalize with somatostatin-

like immunoreactivity in the superficial dorsal horn (Nelson et al., 2019; Zhang et al., 1999). 

Somatostatin-expressing interneurons (SST-INs) are excitatory dorsal horn neurons predominately 

found in outer lamina II that receive direct C-fiber inputs (Duan et al., 2014). Transcriptional 

profiling of SST-INs identified Npy1r as a significantly enriched gene (Chamessian et al., 2018). 

Because of the importance of the somatostatin and gastrin releasing peptides in spinal pain and 

itch transmission, we felt it was important to rigorously confirm the presence of Sst and Grp in 

Y1-INs. To this end, we conducted in situ hybridization for Grp and Sst in the lumbar spinal cord 

of Npy1reGFP BAC transgenic mice. As illustrated in Figure 5, our results point to Y1eGFP neurons 

containing extensive Grp and Sst mRNA, as predicted by the transcriptomic data. 
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Figure 5. Npy1reGFP interneurons colocalize with Grp and Sst mRNA 
 

Double staining of Npy1reGFP interneurons from BAC transgenic mice with Sst or Grp mRNA by in situ 

hybridization. Right panels show magnified images from their respective insets. Arrows indicate instances of 

colabeling. Scale bars: 100 µm. Brief description of experimental methods: 8-week-old male Npy1reGFP mice 

(MMRRC, 010554-UCD) were transcardially perfused with ice cold 1x PBS followed by 10% buffered formalin 

and spinal cords were extracted, post-fixed in 10% formalin overnight at 4°C, and then stored in 30% sucrose at 

4°C. 20µm thick L3-L4 floating spinal cord sections were obtained on a vibrating microtome and mounted on 

Superfrost Plus Microscope slides. Slides underwent pretreatment for in situ hybridization (ISH) consisting of 10min 

Xylene bath, 4min 100% ethanol bath, and 2min RNAscope® H2O2 treatment. Slides were washed in deionized H2O 

and allowed to dry overnight. The following day the ISH protocol for RNAscope Fluorescent v2 Assay (Advanced 

Cell Diagnostics) was followed for hybridization to marker probes (RNAscope® Probe- Mm-Grp-C2, 317861-C2; 

RNAscope® Probe- Mm-Sst-C2, 404631-C2). Upon completion of ISH, slides were blocked for 1h with 3% normal 

goat serum and incubated overnight at 4°C with chicken anti-GFP primary antibody (Abcam, 1:1,000, ab13970) to 

restore the GFP fluorescence (which had diminished during fixation). The following day slides were incubated in 

goat anti-chicken Alexa Fluor 488 secondary antibody (Invitrogen, 1:1,000, A-11039) for 1h, and coverslipped with 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI. All images were captured on a Nikon Eclipse 

Ti2 microscope using a 40x objective and analyzed using NIS-Elements Advanced Research software v5.02. Data 

collected by Tyler Scott Nelson and published in (Nelson and Taylor, 2021). 
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            In a second transcriptomics study, Häring et al used unbiased single-cell RNA-sequencing 

of dorsal horn and also found Npy1r to be selectively enriched in excitatory neurons, namely the 

glutamatergic clusters Glut2, Glut8, and Glut9 (Häring et al., 2018). The Glut2 cluster represents 

Cck-expressing neurons that are predicted to participate in allodynia or pathological pain but not 

acute pain transmission (Häring et al., 2018). The Glut8 and Glut9 clusters were located in the 

superficial dorsal horn, consistent with the known expression pattern of the Y1 receptor. Noxious 

heat increased immediate early gene expression within both Glut8 and Glut9 excitatory neurons 

and noxious cold activated Glut9 neurons, supporting the idea that the NPY-Y1 system contributes 

to the spinal transmission of noxious heat and cold (Hua et al., 1991; Lemons and Wiley, 2012; 

Taiwo and Taylor, 2002). 

  

            Interestingly, results from both transcriptomics studies found an extremely large overlap 

between Npy1r and Nmur2, the gene that encodes the neuromedin U receptor 2. In both 

electrophysiological and behavioral experiments, neuromedin U via the neuromedin U receptor 2 

has been implicated in nociception (Cao et al., 2003; Torres et al., 2007; Yu et al., 2003). This 

colocalization between Npy1r and Nmur2 is novel, and like other genes that significantly overlap 

with the Y1-IN population, such as Car12, Reln, Npff, Grp, and Cck (Häring et al., 2018; 

Sathyamurthy et al., 2018), remains to be further explored. Together these large-scale 

transcriptomic analyses indicate that Npy1r is detected in excitatory, somatostatinergic 

interneurons in the superficial dorsal horn. Future studies should investigate the overlap of adult 

Npy1r with candidate gene targets such as Nmur2, Car12, and Grp to uncover potentially distinct 

Y1-IN subpopulations of dorsal horn interneurons. 
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1.4.5 Neurophysiological evidence of Y1-INs as an excitatory population 

            The firing patterns of action potentials are another way to segregate neuronal populations 

in the superficial dorsal horn (Todd, 2017). A depolarizing current injection may evoke several 

distinct patterns that are often referred to as initial bursting firing (IBF), phasic firing (PF), tonic 

firing (TF), or delayed firing (DF). Current injection is typically injected while the cell is held at 

resting membrane potential; however, detection of the delayed firing pattern often requires current 

to be injected from hyperpolarized holding potentials (Sinha et al., 2021). A recent study from our 

laboratory characterized Y1-IN firing patterns from both resting and hyperpolarized membrane 

potentials. This key study was performed in ex vivo lumbar spinal cord slice recordings from a 

reliable Npy1reGFP mouse line (Sinha et al., 2021). It identified four main firing patterns with the 

following characteristics: Delayed, Long Latency Firing (DLLF) neurons typically exhibit a clear 

delay of >180 ms (range, 180-850 ms) in action potential firing that lasts the duration of current 

injection,  Delayed, Short Latency Firing (DSLF) neurons exhibit a short depolarizing delay of 60-

180 ms prior to firing the first action potential and mostly terminate before the end of current 

injection, Initial Burst Firing (IBF) neurons exhibit a short burst of two to four high frequency 

(~90 Hz) action potentials on top of a long-lasting (~200 ms) Ca2+ spike, owing to the presence of 

low-threshold Ca2+ currents, and Phasic Firing (PF) neurons exhibit several action potentials 

immediately after the onset of current injection but terminate before the end of the current pulse. 

These firing populations were distinct from randomly sampled interneurons (eGFP-lacking spinal 

neurons) as the phasic firing type was more common in Npy1reGFP neurons when assessed from 

resting membrane potential, and the DSLF phenotype was abundantly more prevalent in Npy1reGFP 

neurons from hyperpolarized conditions. As phasic and delayed firing are more common in spinal 

cord glutamatergic interneurons, these neurophysiology results suggest that Npy1reGFP neurons are 
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excitatory interneurons that mainly exhibit phasic firing rather than delayed firing patterns, though 

delayed firing can be unmasked when current clamp recordings are initiated at hyperpolarized 

conditions (Sinha et al., 2021). 

1.5 Pharmacological or endogenous engagement of NPY-Y1 signaling reduces behavioral 

signs of chronic pain 

            The pioneering studies of Yaksh and colleagues found that intrathecal administration of 

NPY dose-dependently increased noxious hotplate thresholds in rats (Hua et al., 1991). This was 

confirmed a decade later and found to be specific to the heat modality, as NPY or Y1-selective 

agonists do not change baseline mechanical withdrawal thresholds in rats (Taiwo and Taylor, 

2002). Additionally, early studies from Tomas Hökfelt and colleagues found that intrathecal NPY 

profoundly decreases the nociceptive flexor reflex in naïve rats and in models of nerve injury and 

acute inflammation (Xu et al., 1994, 1998, 1999). Since these early behavioral studies, an 

established body of preclinical evidence across a variety of injury conditions as far ranging as bone 

cancer-induced pain (Diaz-delCastillo et al., 2018) indicates that intrathecal administration of NPY 

acts through Y1 receptors to dose-dependently reduce behavioral (and spinal molecular) markers 

of spinal nociceptive transmission, including not just heat but also cold and mechanical 

hypersensitivity (Table 1).  
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Table 1 Chronological studies of NPY receptor interventions on spinal cord physiology, pain, and itch 

 
 
  

Model Species Sex 

NPY 

Receptor 

Intervention 

Outcome Measure Key Results Reference 

Naïve Rat Male 
Intrathecal 

(i.t.) NPY 

Mean arterial blood 

pressure (MAP) and 

heart rate (HR) 

NPY dose-

dependently decreased 

MAP and HR in 

normotensive and 

hypotensive rats. 

Chen et al., 

1988 

Naïve Rat Male i.t. NPY 

MAP and HR, 

multiunit activity 

recordings from 

exposed renal 

sympathetic nerve 

NPY dose-

dependently decreased 

MAP, slightly 

decreased HR, and 

decreased renal 

sympathetic nerve 

activity. 

Chen et al., 

1990 

Naïve Cat 

Not 

Stated 

(NS) 

Microinjectio

n of NPY into 

the dorsal 

horn (DH) 

Evoked release of 

immunoreactive 

substance P upon 

electrical stimulation 

of unmyelinated 

primary afferents of 

the tibial nerve 

NPY reduced the 

evoked release of 

immunoreactive 

substance P. 

Duggan et 

al., 1991 

Naïve Rat Male i.t. NPY 

Heat: hotplate (HP) 

withdrawal (w/d) 

latency, Mechanical: 

pressure threshold 

NPY dose-

dependently increased 

the HP w/d latency but 

had no effect on 

mechanical pressure. 

Hua et al., 

1991 

Naïve Rat Male 

i.t. NPY, Y2 

agonistic 

fragments, or 

Y1 agonist 

MAP 

NPY and Y2 agonistic 

fragments but not Y1 

agonist dose-

dependently decreased 

MAP. 

Chen and 

Westfall, 

1993 
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Table 1 Continued 

 
  

Neuropathic 

Pain: sciatic 

nerve 

transection 

Rat Female i.t. NPY Flexor reflex 

NPY dose-

dependently depressed 

flexor reflex in naïve 

and injured rats but the 

antinociceptive effect 

was stronger and 

longer lasting after 

nerve transection. 

Xu et al., 

1994 

Neuropathic 

Pain: partial 

sciatic nerve 

ligation 

Rat NS 

i.t. NPY, Y1 

or Y2 

agonists, or a 

nonselective 

NPY 

antagonist 

Mechanical: pressure 

threshold 

NPY or Y1 agonist 

but not Y2 agonist 

increased nerve injury-

induced mechanical 

hypersensitivity. The 

nonselective NPY 

antagonist attenuated 

the nerve injury-

induced hyperalgesia. 

White, 1997 

Naïve 
Rat and 

Cat 

Rat: 

Males; 

Cat: NS 

None 

DH release of 

immunoreactive 

NPY 

Neither electrical 

stimulation of 

peripheral nerves nor 

noxious mechanical or 

heat stimulation 

changed the extensive 

spontaneous NPY 

release observed in the 

DH. 

Mark et al., 

1997 

Neuropathic 

Pain: chronic 

constriction 

of the sciatic 

nerve 

Rat Male None 

DH release of 

immunoreactive 

NPY 

CCI extended the zone 

of spontaneous 

ipsilateral release of 

NPY into the deep 

DH. Electrical 

stimulation of the 

injured nerves 

produced widespread 

NPY release. 

Mark et al., 

1998 
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Table 1 Continued 

 

Inflammatory 

Pain: 

hindpaw 

injection of 

carrageenan 

Rat 
Male and 

Female 
i.t. NPY Flexor reflex 

NPY dose-

dependently produced 

brief reflex facilitation 

at low doses and long-

lasting depression at 

high doses in naïve 

and injured rats. The 

reflex facilitation was 

greater in carrageenan 

injected animals. 

Xu et al., 

1998 

Neuropathic 

Pain: sciatic 

nerve 

transection 

Rat Female 
i.t. Y1 or Y2 

agonist 
Flexor reflex 

Y1 agonist dose-

dependently produced 

reflex depression in 

naïve and injured rats. 

Y2 agonist did not 

produce reflex 

depression in naïve 

rats but dose-

dependently produced 

reflex depression in 

sciatic nerve 

transected rats. 

Xu et al., 

1999 

Neuropathic 

Pain: chronic 

constriction 

of the sciatic 

nerve 

Rat Male None 

DH release of 

immunoreactive 

NPY 

Total conduction 

block of the injured 

nerve did not change 

spontaneous NPY 

release in the 

ipsilateral DH. 

Colvin and 

Duggan, 

2001 
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Table 1 Continued 

 
  

Inflammatory 

Pain: 

hindpaw 

injection of 

formalin, 

intraperitonea

l injection of 

acetic acid or 

MgSO4; 

Neuropathic 

Pain: partial 

sciatic nerve 

ligation 

Mouse Male 

Global 

knockout of 

Npy1r; i.t.  

NPY 

Heat: HP w/d 

latency, tail flick 

latency; Mechanical: 

von Frey (vF) w/d 

threshold; 

Inflammatory Pain: 

number of events 

(lifting, shaking, 

licking and biting of 

the paw), number of 

abdominal stretches 

Npy1r knockout 

increased sensitivity to 

heat and mechanical 

stimuli, hyperalgesia 

in the Phase I but not 

Phase II response to 

formalin, visceral 

hyperalgesia, and 

peripheral nerve 

injury-induced 

mechanical 

hypersensitivity. 

Npy1r knockout 

abolished the 

antinociceptive effect 

of NPY on heat 

hypersensitivity. 

Naveilhan et 

al., 2001 

Inflammatory 

Pain: 

hindpaw 

injection of 

carrageenan 

or CFA 

Rat Male 

i.t. NPY or 

Y1 or Y2 

antagonists 

Heat: HP w/d 

latency, radiant heat 

w/d latency; Motor 

Coordination: latency 

to fall on an 

accelerating rotarod 

NPY dose-

dependently increased 

response latency to 

heat stimuli, inhibited 

carrageenan- and 

CFA-induced heat 

hypersensitivity, and 

did not alter motor 

coordination. The 

antinociceptive effects 

were abolished by a 

Y1 but not Y2 

antagonist. A Y1 

antagonist enhanced 

CFA-induced heat 

hypersensitivity. 

Taiwo and 

Taylor, 2002 
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Table 1 Continued 

 
  

Naïve Rat NS 

NPY or Y1 

agonist on 

spinal cord 

(SC) slices 

Electrophysiology: 

blind whole-cell 

patch-clamp 

recordings in voltage 

clamp, recording 

eEPSCs and eIPSCs, 

recording mEPSCs 

and mIPSCs, paired-

pulse stimulation 

NPY acts via Y1 to 

suppress inhibitory 

transmission by pre- 

and postsynaptic 

mechanisms. NPY 

acts via Y2 to 

suppress excitatory 

transmission 

exclusively by a 

presynaptic 

mechanism. NPY 

activates an inwardly 

rectifying K+ 

conductance in DH 

neurons. 

Moran et al., 

2004 

Inflammatory 

Pain: 

hindpaw 

injection of 

formalin 

Rat Male 

i.t. NPY or 

Y1 or Y2 

antagonists 

Inflammatory Pain: 

licking duration and 

the number of flinch 

events in the 

formalin assay; MAP 

and HR 

NPY dose-

dependently inhibited 

formalin-induced 

nocifensive responses 

that were partially 

blocked with a Y1 

antagonist. NPY dose-

dependently increased 

MAP that was 

prevented with a Y2 

but not Y1 antagonist. 

Mahinda et 

al., 2004 

Naive Rat Male 

NPY, Y1 

agonist, or 

Y1 antagonist 

on SC slices 

Capsaicin-evoked 

immunoreactive 

CGRP release from 

lumbar DH 

NPY or Y1 agonist 

reduced CGRP 

exocytosis from 

central terminals of 

capsaicin sensitive 

afferent fibers and was 

partially blocked by a 

Y1 antagonist. 

Gibbs et al., 

2004 
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Table 1 Continued 

 

Naïve Rat Male 

NPY, Y1 

agonist, or 

Y1 antagonist 

on SC slices 

Electrophysiology: 

whole-cell patch-

clamp recordings in 

voltage clamp, 

recording mEPSCs 

and mIPSCs, 

recording dorsal root 

Aẟ- or C-fiber-

evoked EPSCs 

NPY or Y1 agonist 

induced a potassium-

dependent outward 

current, membrane 

hyperpolarization, and 

a suppression of dorsal 

root stimulation-

evoked action 

potentials. NPY-

induced responses 

were blocked by a Y1 

antagonist. 

Miyakawa et 

al., 2005 

Naïve Mouse Male 

Global 

knockout of 

Npy1r 

Mechanical: vF w/d 

threshold 

Npy1r knockout mice 

demonstrated 

profound mechanical 

hypersensitivity. 

Shi et al., 

2006 

Inflammatory 

Pain: 

hindpaw 

injection of 

CFA; 

Neuropathic 

Pain: partial 

sciatic nerve 

ligation 

Mouse Male 

Global 

knockout of 

Npy1r; i.t. 

NPY or Y1 

antagonist 

Heat: HP w/d 

latency, radiant heat 

w/d latency; 

Mechanical: vF w/d 

threshold; Motor 

Coordination: latency 

to fall on an 

accelerating rotarod 

Npy1r knockout 

produced heat 

hypersensitivity and 

longer lasting CFA-

induced heat 

hyperalgesia. Npy1r 

knockout or a Y1 

antagonist prevented 

the antinociceptive 

effect of NPY after 

CFA or partial sciatic 

nerve ligation. NPY 

and Y1 antagonist did 

not alter motor 

performance. 

Kuphal et 

al., 2008 



 32 

Table 1 Continued 

 
 
 
 
 
  

Inflammatory 

Pain: 

hindpaw 

injection of 

formalin; 

Neuropathic 

Pain: spared 

nerve injury 

(SNI, spared 

sural nerve) 

Rat Male 

i.t. NPY or 

Y1 or Y2 

antagonists 

Inflammatory Pain: 

licking duration and 

the number of flinch 

events; Cold: acetone 

w/d duration; 

Mechanical: vF w/d 

threshold, tactile 

stimulus-evoked Fos 

expression in 

superficial DH 

NPY reduced 

formalin-induced 

behaviors, dose-

dependently reduced 

SNI-induced 

mechanical and cold 

hypersensitivities, and 

reduced both formalin- 

and SNI-induced 

tactile stimulus-

evoked Fos 

expression. SNI-

induced mechanical 

hypersensitivity and 

Fos expression were 

blocked by a Y1 or Y2 

antagonist. 

Intondi et 

al., 2008 

Inflammatory 

Pain: 

hindpaw 

injection of 

formalin 

Rat 
Male and 

Female 

i.t. NPY-

saporin to 

selectively 

ablate Y1-INs 

Heat: HP w/d latency 

and time licking and 

guarding hindpaws; 

Inflammatory Pain: 

time licking, lifting 

and biting, and 

number and time 

course of responses 

NPY-saporin reduced 

SC but not DRG Y1 

immunoreactivity. 

NPY-saporin 

elevated reflex w/d 

thresholds and reduced 

time spent 

licking/guarding paws 

to only low (44°C) 

heat. NPY-saporin 

reduced formalin-

induced nocifensive 

behaviors. 

Wiley et al., 

2009 
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Inflammatory 

Pain: 

hindpaw 

injection of 

CFA, latent 

sensitization 

after CFA; 

Neuropathic 

Pain: SNI, 

CpxSx (spared 

tibial nerve), 

latent 

sensitization 

after CpxSx 

Mouse Male 

Conditional 

doxycycline-

induced 

global 

knockdown 

of NPY, or 

intrathecal 

Y1 or Y2 

antagonists 

Heat: HP w/d 

latency, radiant heat 

w/d latency; Cold: 

acetone w/d duration; 

Mechanical: vF w/d 

threshold; Motor 

Coordination: latency 

to fall on an 

accelerating rotarod; 

Ambulatory activity: 

exploration in an 

open field 

NPY knockdown did 

not alter baseline 

sensory thresholds, 

motor coordination, or 

ambulatory activity 

but increased the 

intensity and duration 

of SNI-induced 

mechanical and cold 

hypersensitivity. After 

the resolution of CFA- 

and CpxSx-induced 

hypersensitivities-     

NPY knockdown or 

Y1 or Y2 antagonists 

reinstated behavioral 

hypersensitivities. Y2 

antagonist increased 

Fos and pERK in the 

DH after CFA. 

Solway et 

al., 2011 

Inflammatory 

Pain: 

hindpaw 

injection of 

CFA 

Rat Female 

i.t. NPY-

saporin to 

selectively 

ablate Y1-INs 

Cold: 10°C cold 

plate (CP), thermal 

preference assay 

(two chamber 15°C 

vs. 45°C); Affective: 

feeding interference 

(overcome a 10°C 

floor plate to 

consume a sweet 

solution), and an 

escape task (climb 

onto a shelf to avoid 

a 10°C floor plate) 

NPY-saporin reduced 

cold aversion on 

thermal preference and 

escape tasks, was 

analgesic to noxious 

heat on the escape 

task, and reduced 

CFA-induced 

hypersensitivity to 

cold temperatures 

experienced on the 

CP, thermal 

preference, feeding 

interference, and 

escape tasks. 

Lemons and 

Wiley, 2012 
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Naïve Rat NS 

NPY, Y1 or 

Y2 

antagonists, 

or Y1 or Y2 

agonists on 

SC slices 

Electrophysiology: 

blind whole-cell 

patch-clamp 

recordings in voltage 

clamp, recording 

mEPSCs and 

mIPSCs;  Morpholog

ical Categorization: 

post hoc 

NPY or Y1 agonist 

induced a 

hyperpolarizing 

potassium 

conductance and 

outward current in 

primarily central- or 

radial-like neurons 

that was abolished by 

a Y1 but not Y2 

antagonist. Y2 agonist 

had no effect on DH 

neurons. NPY 

moderately reduced 

the frequency of both 

mEPSCs and mIPSCs 

via Y1 and Y2. 

Melnick, 

2012 

Inflammatory 

Pain: 

hindpaw 

plantar 

incision 

Rat Male 

i.t. NPY, or 

Y1 or Y2 

antagonists 

Hindpaw guarding 

behavior; 

Mechanical: vF w/d 

threshold; Heat: 

radiant heat w/d 

latency 

NPY reduced incision-

induced guarding 

behavior and heat and 

mechanical 

hypersensitivity. The 

antinociceptive NPY 

effects were abolished 

with a Y1 but not Y2 

antagonist. 

Yalamuri et 

al., 2013 
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Inflammatory 

Pain: 

hindpaw 

injection of 

carrageenan 

or CFA 

Rat and 

Mouse 
Male 

Superfusion 

of slices with 

Y1 agonist; 

i.t. NPY or 

Y1 agonist 

NK1R 

internalization; Y1 

agonist 

stimulated [35S]GTPγ

S binding; In vivo 

microdialysis of DH 

substance P release; 

Mechanical: vF w/d 

threshold, pin prick 

w/d duration;  Cold: 

acetone w/d duration; 

Heat: radiant heat 

w/d latency 

Y1 agonist decreased 

dorsal root 

stimulation-evoked 

NK1R internalization. 

CFA increased the 

affinity of coupling 

between Y1 and 

activated G-proteins, 

but its efficacy was 

reduced by roughly 

half. NPY reduced 

capsaicin-evoked 

substance P release in 

vivo. NPY Y1 agonist 

inhibited CFA- and 

carrageenan-induced 

NK1R internalization 

and nociception. 

Taylor et al., 

2014 

Inflammatory 

Pain: 

hindpaw 

injection of 

CFA; 

Mechanical 

Itch: touch-

evoked itch 

test; 

Chemical 

Itch: 

intradermal 

pruritogens 

Mouse NS 

Ablation or 

chemogenetic 

inhibition of 

SC NPY-Cre 

lineage 

interneurons 

Mechanical: vF w/d 

threshold, response 

to light brush, 

pressure; Cold: 

acetone w/d duration, 

CP w/d latency; 

Heat: HP w/d 

latency, radiant heat 

w/d latency; Motor 

Coordination: latency 

to fall on accelerating 

rotarod; Mechanical 

Itch: alloknesis from 

vF stimulation at 

nape; Chemical Itch: 

number of scratching 

and wiping behaviors 

and bouts 
 

Ablation or inhibition 

of SC NPY-Cre 

lineage neurons 

induced spontaneous 

scratching behaviors 

and skin lesions, 

increased mechanical 

but not chemical itch, 

but did not alter cold, 

heat, or mechanical 

sensitivity, motor 

coordination, or CFA-

induced mechanical 

hypersensitivity. 

Bourane et 

al., 2015 



 36 

Table 1 Continued 

 
  

Neuropathic 

Pain: chronic 

constriction 

injury (CCI) 

Rat Male i.t. Y1 agonist 

Mechanical: vF w/d 

threshold; Cold: 

acetone w/d duration 

Y1 agonist dose-

dependently reduced 

behavioral signs of 

CCI-induced 

mechanical and cold 

hypersensitivity. 

Malet et al., 

2017 

Mechanical 

Itch: touch-

evoked itch 

test; 

Chemical 

Itch: 

intradermal 

pruritogens 

Mouse NS 

i.t. NPY, Y1 

agonist, or 

Y1 antagonist 

Mechanical Itch: 

scratch and shake 

episode frequency 

and duration from vF 

stimulation at nape; 

Chemical Itch: 

scratch and shake 

episode frequency 

and duration 

Y1 agonist reduced 

shake episode 

frequency and 

duration induced by 

nape stimulation. NPY 

and Y1 agonist 

reduced the duration 

of compound 48/80- 

and histamine- but not 

chloroquine-induced 

scratching. 

Gao et al., 

2018 

Bone Cancer 

Pain: intra-

tibial infusion 

of MRMT1 - 

Luc2 cancer 

cells 

Rat 
Male and 

Female 

i.t. NPY, or 

Y1 or Y2 

antagonists 

Limb use test and 

limb weight-bearing 

assay 

NPY restored limb 

function and weight 

bearing and these 

antihyperalgesic 

effects were blocked 

by Y1 or Y2 

antagonists. 

Diaz-

delCastillo 

et al., 2018 

Inflammatory 

Pain: 

hindpaw 

plantar 

incision 

Rat Male i.t. NPY 

Mechanical: vF w/d 

threshold; hindpaw 

guarding behavior; 

Heat: radiant heat 

w/d latency 

NPY reduced incision-

induced hindpaw 

guarding and thermal 

hyperalgesia. 

Gupta et al., 

2018 



 37 

Table 1 Continued 

 

Spontaneous 

Itch: non-

evoked acute 

scratching 

behavior 

Mouse Male 

i.t. Y1 agonist 

or Y1 or Y2 

antagonists 

Mechanical: vF w/d 

threshold; Heat: 

radiant heat w/d 

latency; Motor 

Coordination: latency 

to fall on an 

accelerating rotarod; 

Spontaneous Itch: 

number of scratching 

bouts 

Y2 but not Y1 

antagonist induced 

spontaneous pain-

related scratching and 

mechanical but not 

thermal sensitivity. Y1 

antagonist alleviated 

Y2 antagonist-induced 

pain behaviors. Y2 

antagonist reduced 

motor coordination at 

high doses. 

Chen et al., 

2019 

Inflammatory 

Pain: 

hindpaw 

injection of 

formalin or 

capsaicin; 

Spontaneous 

Itch: non-

evoked acute 

scratching 

behavior; 

Mechanical 

Itch: touch-

evoked itch 

test; 

Chemical 

Itch: 

intradermal 

pruritogens 

Mouse 
Male and 

Female 

SC and 

hindbrain 

Npy1r 

knockout; 

Ablation of 

SC NPY-Cre 

lineage 

neurons; 

Ablation or 

chemogenetic 

activation and 

inhibition of 

SC Y1-Cre 

lineage 

interneurons 

Mechanical: vF w/d 

threshold, 

responsiveness to 

light brush, pressure 

threshold, pin prick 

w/d duration; Heat: 

HP w/d latency, 

radiant heat w/d 

latency; 

Inflammatory Pain: 

time spent licking, 

flinching, and biting; 

Spontaneous Itch: 

number of 

spontaneous 

scratching bouts; 

Mechanical Itch: 

alloknesis score from 

vF stimulation at 

nape; Chemical Itch: 

scratching bouts, 

duration, and rate 

Y1-Cre lineage neuron 

ablation prevented 

NPY-Cre lineage 

neuron ablation-

induced itch, enhanced 

mechanical itch, and 

reduced vF thresholds 

without changing 

mechanical, heat, or 

inflammatory pain 

responses. Activation 

of Y1-Cre lineage 

neurons reduced vF 

thresholds and 

increased mechanical 

and spontaneous itch. 

SC Npy1r knockout 

reduced vF thresholds 

but did not change 

mechanical, heat, 

acute pain, or 

chemical pruritogen-

induced behavioral 

responses. 

Acton et al., 

2019 
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Table 1 Continued 

 
  

Neuropathic 

Pain: SNI 
Rat Male 

Y1 

internalizatio

n in SC slices 

as an in situ 

measure of 

NPY release 

Y1 internalization 

was quantified by 

visually counting 

Y1-INs in laminae I-

II and classifying 

them as either with 

or without 

internalization; 

Mechanical: vF w/d 

threshold, and non-

noxious- or noxious-

evoked Y1 

internalization. 

NPY, capsaicin, 

NMDA, and high 

K+ induced Y1 

internalization in DH 

neurons. Electrical 

stimulation of the DH 

frequency-dependently 

induced NPY release 

and was decreased by 

a Y1 

antagonist. Dorsal root 

immersion in 

capsaicin induced 

NPY release and it 

was blocked by 

CNQX. Nerve injury 

increased Y1 

internalization induced 

by DH stimulation and 

in vivo internalization 

induced by noxious 

and non-noxious 

stimuli. 

Marvizon et 

al., 2019 
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Table 1 Continued 

 
  

Inflammatory 

Pain: Latent 

sensitization 

after 

intraplantar 

CFA 

Mice Male 
i.t. Y1 

antagonist 

Mechanical: vF w/d 

threshold 

Y1 antagonist 

reinstated mechanical 

hypersensitivity 

following the 

resolution of CFA-

induced inflammation 

and this was prevented 

in AC1 knockout mice 

or with administration 

of a pharmacological 

blocker to the N-

methyl-D-aspartate 

receptor (NMDAR), 

adenylyl cyclase type 

1 (AC1), protein 

kinase A (PKA), 

transient receptor 

potential cation 

channel A1 (TRPA1), 

channel V1 (TRPV1), 

or exchange protein 

activated by cAMP 

(Epac1 or Epac2). 

Fu et al., 

2019 
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Table 1 Continued 

 

Neuropathic 

Pain: SNI 
Rat Male 

i.t. NPY, or 

NPY-saporin 

Mechanical: vF w/d 

threshold, pressure 

threshold, pin prick 

w/d duration, tactile 

stimulus-evoked Fos 

expression in 

superficial DH; Cold: 

acetone w/d duration; 

Heat: HP w/d 

latency, radiant heat 

w/d latency; Motor 

Coordination: latency 

to fall on an 

accelerating rotarod; 

Ambulatory Activity: 

exploration in an 

open field 

NPY-saporin dose-

dependently 

attenuated the 

development of SNI-

induced mechanical 

and cold allodynia, but 

did not change normal 

mechanical or thermal 

thresholds, motor 

coordination, or 

locomotor activity. 

NPY reduced SNI-

induced mechanical 

hypersensitivity and 

light touch-evoked c-

Fos expression in DH 

Y1-INs. 

Nelson et 

al., 2019 

Neuropathic 

Pain: Latent 

sensitization 

after CpxSx 

Mouse Male 

Doxycycline-

induced 

global 

knockdown 

of NPY, or 

intrathecal 

Y1 antagonist 

Mechanical: vF w/d 

threshold; Cold: 

acetone w/d duration; 

Affective Pain: 3-

chamber conditioned 

place preference and 

avoidance assay 

Y1 antagonist or NPY 

knockdown induced 

conditioned place 

aversion (CPA). Y1 

antagonist reinstated 

mechanical and cold 

hypersensitivity 

following the 

resolution of CpxSx-

induced 

hypersensitivity and 

reinstatement and 

CPA were prevented 

in AC1 knockout mice 

or with an NMDA 

receptor antagonist, 

AC1 inhibitor, or 

TRPV1 or TRPA1 

channel blockers. 

Fu et al., 

2020 
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Table 1 Continued 

  

Mechanical 

Itch: touch-

evoked itch 

test; 

Chemical 

Itch: 

intradermal 

pruritogens; 

Atopic 

Dermatitis-

like Itch: 

application of 

dust mite 

extract 

Mouse 
Male and 

Female 

i.t. Y2 agonist 

or Y2 

antagonist 

Mechanical Itch: 

scratch and shake 

episode frequency 

and duration from vF 

stimulation at nape; 

Chemical Itch: 

scratch and shake 

episode frequency 

and duration; Atopic 

Dermatitis-like Itch: 

scratch and shake 

episode frequency 

and duration 

Y2 agonist reduced 

the frequency and 

duration of compound 

48/80-induced 

scratching and the 

duration of IL-31- and 

histamine-induced 

scratching. Y2 agonist 

did not reduce 

scratching induced by 

SLIGRL, chloroquine, 

topical dust mite 

extract, or mechanical 

itch induced by vF at 

nape. 

Ma et al., 

2020 

Inflammatory 

Pain: intra-

articular 

injection of 

dilute 

formalin 

Rat Male 

i.t. Y1 

agonist, Y1 

antagonist, or 

NPY-saporin 

Mechanical: Paw 

Elevation Time 

(PET)-rats are placed 

on a revolving 

cylinder for 1min and 

scored for the total 

time that the hindpaw 

is not in contact with 

the cylinder surface 

NPY-saporin and Y1 

agonist reduced 

formalin-induced PET 

and conversely Y1 

antagonist increased 

the PET. 

Souza-Silva 

et al., 2020 

Neuropathic 

Pain: ligating 

and cutting 

the L5 spinal 

nerve 

Rat Male 

Intaspinal 

activation, 

inhibition, or 

ablation of 

spinal NPY-

INs with an 

AAV for 

NPY 

promoter-

dependent 

gene 

transduction 

Mechanical: vF w/d 

threshold, Cold: 

acetone w/d duration; 

Heat: radiant heat 

w/d latency 

Ablation or silencing 

of NPY-INs converted 

Aβ fiber-derived 

signals to pain-like 

responses. Activation 

of NPY-INs in nerve-

injured rats reversed 

Aβ fiber-derived 

neuropathic pain-like 

behavior and was 

shown to be 

morphine-resistant. 

Tashima et 

al., 2020 
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Table 1 Continued 

 
  

Naïve Mouse 
Male and 

Female 

NPY or Y1 

agonist on SC 

slices 

Electrophysiology: 

whole-cell patch-

clamp recordings in 

voltage clamp in a 

Npy1reGFP mouse line 

Under hyperpolarized 

conditions, most 

Y1eGFP neurons 

exhibited fast A-type 

potassium currents 

and delayed, short-

latency firing (DSLF). 

Y1eGFP DSLF neurons 

were almost always 

rapidly adapting and 

often exhibited 

rebound spiking, 

indicating enrichment 

of T-type calcium 

currents. 

Sinha et al., 

2021 

Opioid-

induced Itch 
Mouse 

Male and 

Female 
i.t. NPY 

Opioid-induced Itch: 

Quantification of 

scratch bouts over 

time 

i.t. NPY substantially 

suppressed i.t. 

morphine-induced 

scratching behavior 

Wang et al., 

2021 

Mechanical 

Itch: touch-

evoked itch 

test 

Mouse 
Male and 

Female 

i.t. NPY, i.t. 

Y1 agonist, 

or i.t. 

neutralizing 

NPY (anti-

NPY IgG) 

Mechanical Itch: 

alloknesis score from 

vF stimulation at 

nape; Apoptosis: 

Quantification of 

NPY Tunel-positive 

neurons in aged and 

young mice 

Aging produces NPY-

IN apoptosis and 

enhanced mechanical 

itch.  i.t. anti-NPY IgG 

slightly increases 

mechanical itch in 

young mice. Aging-

induced itch is 

alleviated via i.t. NPY 

or i.t. Y1 agonist. 

Cui et al., 

2021 
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1.5.1 Global and selective spinal/hindbrain Npy1r knockout 

            Global germ line Npy1r knockout mice display abnormally enhanced behavioral reflex 

responses to noxious heat, visceral chemical, and non-noxious mechanical stimuli as compared to 

genetic controls (Naveilhan et al., 2001b; Shi et al., 2006). They also develop a more pronounced 

hypersensitivity in response to inflammation or peripheral nerve injury (Kuphal et al., 2008; 

Naveilhan et al., 2001b). However, Y1 receptors are expressed throughout the body and so 

Goulding and colleagues ablated Npy1r specifically in spinal cord and hindbrain neurons 

(including the medulla, pons, and cerebellum) by crossing Npy1r-Flox mice with Lbx1-Cre mice 

(Acton et al., 2019). In contrast to germ line deletion, these mice exhibited hypersensitivity to von 

Frey hairs but not to other sensory stimuli including light brush, noxious pinprick, noxious 

pressure, noxious heat, capsaicin, or chemical pruritogens. These studies suggest that 

spinal/hindbrain Y1 contributes to a tonic inhibition of responsiveness to non-noxious punctate 

mechanical stimulation, while Y1 receptors located elsewhere contribute to the tonic inhibition of 

responsiveness to dynamic brush, noxious mechanical stimulation, noxious heat, and chemical 

pain.  

  

            In contrast to the reduced thresholds observed in Npy1r deletion mutant mice, intrathecal 

administration of Y1 antagonists did not change von Frey mechanical withdrawal thresholds in 

naïve or sham-injured mice (Chen et al., 2019; Fu et al., 2020; Solway et al., 2011). One possible 

explanation for this discrepancy is that while intrathecal injection likely restricts Y1 antagonism 

to the spinal cord (and perhaps the DRG), the interruption of Y1 function after Npy1r knockout 

extends to the medulla, where NPY can exert not only pronociceptive but also antinociceptive 

actions. On one hand, microinjection of NPY into the nucleus gracilis reduced von Frey thresholds 
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in the uninjured rat (Ossipov et al., 2002), and microinjection of NPY Y1 antagonists into the 

nucleus gracilis or the cisterna magna reversed mechanical hypersensitivity in rats with spinal 

nerve ligation (Fukuoka and Noguchi, 2015; Ossipov et al., 2002). On the other hand, injection of 

NPY into the cisterna magna dose-dependently reversed mechanical hypersensitivity in rats with 

a variant of the spared nerve injury (SNI) model (Jung et al., 2009). Thus, NPY in the nucleus 

gracilis is pronociceptive but the pro- or antinociceptive role of NPY in the cisterna magna after 

peripheral nerve injury remains unclear. Furthermore, injection of NPY into the rostral ventral 

medulla (RVM) reduced behavioral signs of hypersensitivity in models of chronic neuropathic and 

inflammatory pain (Cleary et al., 2014; Taylor et al., 2007). The RVM contains two classes of pain 

modulatory neurons: the pain facilitatory ON-cells, and the pain inhibitory OFF-cells (Chen and 

Heinricher, 2019). Y1-immunoreactivity is found on both ON- and OFF-cells ((Cleary et al., 

2014). Perhaps the loss of Npy1r in spinal/hindbrain and global Npy1r knockout mice results in an 

overall net increase in ON-cell activity in the RVM that is responsible for the hyperalgesia to light 

punctate touch. Future studies could test this hypothesis with conditional knockout of Npy1r in 

specific regions of the CNS, for example with injection of AAV-Cre into the RVM or spinal cord 

of adult Npy1r-Flox mice, followed by the determination of mechanical threshold.  

 

1.5.2 Spinally-directed NPY in models of neuropathic pain 

            Intrathecal NPY or [Leu31,Pro34]-NPY dose-dependently reduced mechanical and cold 

hypersensitivity in rats with SNI or chronic constriction injury (CCI) (Intondi et al., 2008; Malet 

et al., 2017), and reduced hind paw withdrawal latency to heat in CD1 mice following partial 

sciatic nerve ligation (Kuphal et al., 2008). After SNI in rats, NPY reduced the 

immunohistochemical expression of non-noxious, tactile stimulus-induced Fos, a marker of 
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neuronal activation, in the superficial dorsal horn. These reductions in neuropathic pain-like 

behavior and Fos expression were both reversed with BIB03304 (Intondi et al., 2008). Subsequent 

studies reported that intrathecal NPY reduced Fos expression within Y1-INs, indicating that Y1 

retains the capacity to inhibit spinal pain transmission after nerve injury (Nelson et al., 2019). 

Taken together, these data in both rats and mice promote the spinal Y1 receptor as a compelling 

target for analgesic drug development to treat traumatic nerve injury-induced neuropathic pain. 

1.5.3 Spinally-directed NPY in models of inflammatory pain 

            Intrathecal NPY or [Leu31,Pro34]-NPY produced anti-hyperalgesic effects in rats in the 

intraplantar CFA model of inflammatory pain (Taiwo and Taylor, 2002; Taylor et al., 2014), the 

intraplantar formalin model of ongoing pain (Mahinda and Taylor, 2004), the hindpaw plantar 

incision model of postoperative pain (Gupta et al., 2019; Yalamuri et al., 2013), and the intra-knee 

joint formalin model of joint inflammation (Souza-Silva et al., 2020)). The Y1 antagonist 

BIBO3304 prevented these antihyperalgesic effects, and the inhibitory effects of intrathecal NPY 

on mechanical and heat hyperalgesia in the CFA model of inflammation were lost in Npy1r 

knockout mice (Kuphal et al., 2008). These data promote the spinal Y1 receptor as a compelling 

target for analgesic drug development to treat inflammatory pain. 
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1.5.4 Injury engages an endogenous spinal NPY-Y1 signaling cascade that opposes 

nociception 

            NPY Y1 receptor antagonists exert minimal if any effect on thermal or mechanical paw 

withdrawal thresholds in non-injured animals, indicating an absence of a tonic NPY-Y1 inhibitory 

control of nociception (Chen et al., 2019; Solway et al., 2011). In stark contrast, painful injury 

induces the development of a robust, compensatory mechanism of NPY antihyperalgesia in the 

dorsal horn. In the setting of inflammatory pain, for example, intraplantar CFA increased the 

affinity of functional Y1 receptor-coupling to activated G-proteins in the lumbar dorsal horn 

(Taylor et al., 2014). This suggests that inflammation augments the functionality of receptor-G 

protein interactions, leading to the amplification of intracellular signaling. This may explain how 

after CFA, NPY can effectively reduce the noxious mechanical stimulus-evoked release of 

substance P from the central terminals of primary afferent neurons, an effect not observed in 

uninjured controls (Taylor et al., 2014). In the setting of neuropathic pain, peripheral nerve injury 

induced a massive de novo expression of NPY in neurons in the DRG after damage to their axons 

(Magnussen et al., 2015; Wakisaka et al., 1991). Peripheral nerve injury also increased the 

spontaneous release of NPY in the dorsal horn (Colvin and Duggan, 2001; Mark et al., 1998) that 

was not abolished by total anesthesia-induced conduction block of the injured nerve, suggesting 

that most NPY release is coming from local dorsal horn NPY-inhibitory interneurons and not the 

injured primary afferents (Colvin and Duggan, 2001). In support of this idea, peripheral nerve 

injury increased mechanical stimulus-evoked NPY release from dorsal horn neurons in vivo 

(Marvizon et al., 2019); this study overcame the notoriously difficult assessment of spinal NPY 

concentrations (Mark et al., 1997) with the use of a robust assay of Y1 internalization as a proxy 

for NPY release (Marvizon et al., 2019). Together these results suggest that NPY release in the 
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dorsal horn following peripheral nerve injury stems from dorsal horn interneuron release. So then 

what might the massive injury-induced de novo expression of NPY in the DRG be doing? A small 

body of evidence indicates that NPY causes neurite outgrowth from nerve-injured DRG fibers 

(White and Mansfield, 1996), suggesting that NPY contributes to the repair and regrowth of 

damaged neurons. Indeed, NPY-induced repair is commonly observed in the central nervous 

system (Decressac and Barker, 2012). Future studies in DRG conditional NPY knockout mice may 

elucidate the contribution of NPY to nerve injury-induced pain and axonal repair and reinnervation 

in the dorsal horn. Taken together, these results from both inflammatory and neuropathic injury 

are consistent with a homeostatic process by which injury-induced pronociceptive 

neurotransmission in the dorsal horn is counterbalanced by: 1) Enhanced NPY release from dorsal 

horn neurons à 2) Enhanced Y1-Gi protein coupling à 3) Suppressed release of pronociceptive 

neurotransmitters, including substance P, from the central terminals of primary afferent neurons.   

  

            Tissue or nerve injury sensitizes dorsal horn neurons in the spinal cord, leading to an 

increase in the intensity and duration of pain (Ji et al., 2003; Latremoliere and Woolf, 2009). This 

central sensitization can facilitate the protective aspects of acute pain, but failure to resolve can 

lead to chronic pain. With the development of a latent form of central sensitization (latent 

sensitization or LS), sensitization is kept in remission by an opposing mechanism that typically 

includes activation of inhibitory G-protein coupled receptors, such as Y1 (B.K. Taylor and Corder, 

2014). LS can persist for over a year, even after the appearance of complete recovery from tissue 

injury and the re-establishment of normal pain thresholds (Basu et al., 2021). LS can be revealed 

upon disruption of pain inhibitory GPCRs, including spinal NPY signaling. For example, in CFA 

or peripheral nerve injury models, conditional knockdown of NPY in NPYtet -transgenic mice or 
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intrathecal administration of BIBO3304 leads to a rapid, robust, and repeatable reinstatement not 

only of mechanical and thermal hypersensitivity (Fu et al., 2020, 2019; Solway et al., 2011) but 

also the affective component of pain as determined with conditioned place preference and aversion 

assays (Fu et al., 2020). These results indicate that the NPY-Y1 system contributes to a powerful 

endogenous analgesia mechanism whereby animals naturally recover from inflammatory- or nerve 

injury-induced hyperalgesia. The development of a pathologically high set point in the equilibrium 

between pronociceptive and antinociceptive processes (an allostatic state) may have important 

implications: failures in endogenous inhibitory NPY signaling could increase the ratio of 

excitation/inhibition, thereby unleashing LS to drive the transition from acute to chronic pain states 

(Figure 3).  

  

            The pronociceptive signaling pathways associated with LS are being revealed with the use 

of a four-step approach: 1) induce inflammatory or neuropathic pain, 2) allow pain resolution, 3) 

interrupt a putative signaling mechanism with pharmacological antagonist or genetic deletion, and 

4) test for reinstatement of hyperalgesia and affective pain. With this approach, we could prevent 

BIBO3304- or genetic NPY knockdown-induced pain reinstatement by spinal blockade of N-

methyl-D-aspartate receptors (NMDAR) with intrathecal administration of MK-801, adenylyl 

cyclase type 1 (AC1) with intrathecal NB001 or in AC1 knockout mice, protein kinase A (PKA) 

with intrathecal H89, exchange protein activated by cAMP (Epac) with intrathecal ESI-09, TRPA1 

with intrathecal HC030031, or TRPV1 with intrathecal AMG9801 (Fu et al., 2020, 2019). As 

illustrated in the flow diagram of Figure 3, we have proposed that injury promotes a 

pronociceptive NMDARàAC1àcAMP signaling cascade of LS that involves PKA and Epac1/2 
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and is kept in remission by tonic NPY-Y1 inhibition. New treatments for chronic pain might either 

mimic endogenous NPY analgesia or inhibit AC1, PKA, or Epac. 

1.6 Y1-INs mediate chronic pain 

            Section 1.3 indicates that spinal nociceptive processing can be inhibited with intrathecal 

administration of a Y1 agonist or endogenous release of NPY within the dorsal horn. Since Y1 

receptors are predominantly located on glutamatergic neurons (Nelson et al., 2019), the consequent 

activation of inhibitory G-proteins and decreases in intracellular signaling (Brumovsky et al., 

2007) and hyperpolarization (Melnick, 2012; Smith et al., 2007) may reduce the net pain 

excitation:inhibition ratio, tipping the balance towards pain relief. But what is the relative 

contribution of each of the two key Y1-expressing substrates of excitatory neurotransmission in 

the dorsal horn, Y1-INs and the central terminals of peptidergic primary afferent neurons? An 

emerging body of literature has begun to address this question, with an initial focus on two methods 

to selectively ablate Y1-INs: intrathecal administration of NPY conjugated to the saporin 

neurotoxin (NPY-saporin) and site-specific conditional knockout of Y1-Cre lineage neurons. 

 
 

1.6.1 Selective ablation of spinal Y1-INs with NPY-saporin 

            NPY-saporin is an NPY-conjugated ribosomal toxin that is selectively endocytosed and 

internalized within Y1-expressing neurons (Lemons and Wiley, 2012; Wiley et al., 2009). As with 

other peptide-saporin conjugates, intrathecal administration of NPY-saporin selectively ablates 

dorsal horn Y1-INs, while sparing other subpopulations of neurons (including those expressing 
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the mu opiate receptor or the neurokinin-1 receptor) as well as Y1-expressing DRG neurons 

(Nelson et al., 2019; Wiley et al., 2009). There is considerable evidence that intrathecal 

neuropeptide-saporin conjugates do not produce toxicity in DRG neurons either because they are 

not internalized into primary afferent terminals, or, if internalized, are not axonally transported to 

cell bodies in the DRG (Kline IV and Wiley, 2008; Wiley et al., 2009; Wiley and Kline Iv, 2000).  

  

            Acute nociceptive reflexes and pain in the absence of injury. When tested in the hotplate 

test (48-56 °C), a conventional assay of nocifensive reflexive withdrawal, intrathecal NPY saporin 

did not change paw withdrawal latency (Nelson et al., 2019; Wiley et al., 2009). NPY-saporin also 

failed to change the hindpaw withdrawal response to noxious radiant heat (Hargreaves’ test), 

noxious pin prick, and von Frey hairs (Nelson et al., 2019). On the other hand, NPY-saporin did 

decrease nocifensive responses thought to engage supraspinal pain modulatory systems. For 

example, NPY-saporin reduced hindpaw licking and guarding in a 44 °C hotplate assay of affective 

pain, reduced ongoing nociception during both phases of the response to intraplantar injection of 

dilute formalin, and reduced aversion to a 10 °C cold plate (Lemons and Wiley, 2012; Wiley et 

al., 2009). NPY saporin did not alter motor control in uninjured rats as assessed by time on an 

accelerating rotarod or general activity measures in an open field arena (Nelson et al., 2019). Taken 

together, these data indicate that Y1-INs contribute to the affective components of acute pain 

transmission without impinging upon motor coordination or the protective nocireflexive 

components of acute pain (Table 1).  

  

            Ablation of Y1-INs with NPY-saporin did not alter responsiveness to non-noxious von 

Frey filaments or noxious pinprick (Nelson et al., 2019). In contrast, ablation of excitatory SST-
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INs decreased mechanical sensitivity to non-noxious von Frey filaments and abolished 

responsiveness to noxious pinprick (Duan et al., 2014). Furthermore, hindbrain and spinal cord 

conditional knockout of Sst from SST-INs increased mechanical sensitivity to von Frey filaments 

(Huang et al., 2018). Somatostatin is well recognized as a pain inhibitory peptide that 

hyperpolarizes dorsal horn interneurons (Jiang et al., 2003; Kim et al., 2002; Murase et al., 1982). 

Thus, excitatory SST-INs have a pronociceptive role in mechanosensation and the inhibitory 

somatostatin peptide has a complimentary antinociceptive role in mechanotransduction, together 

indicating that SST-INs are critical for baseline mechanosensitivity. This might seem to be 

inconsistent with the fact that Y1-INs contain extensive somatostatin mRNA (Figure 5) and 

ablation of Y1-INs does not affect mechanical sensitivity at baseline. However, the Y1-IN 

population is smaller than the SST-IN population (~60% of excitatory interneurons in laminae I-

II of dorsal horn) (Gutierrez-Mecinas et al., 2016). The SST-IN population is transcriptomically, 

immunohistochemically, morphologically, and electrophysiologically heterogenous and overlaps 

with numerous classes of excitatory dorsal horn interneurons exclusive of the Y1-IN population 

(Chamessian et al., 2018; Duan et al., 2014; Gutierrez-Mecinas et al., 2016; Häring et al., 2018; 

Peirs et al., 2020; Todd, 2017). Conversely, Y1-INs are a smaller subclass of excitatory dorsal 

horn interneurons that often express Grp mRNA (Figure 5) (Sathyamurthy et al., 2018), and 

neither ablation nor chemogenetic inhibition of dorsal horn GRP-Cre interneurons altered 

responsiveness to von Frey filament or pin prick stimulation (Albisetti et al., 2019). We suggest 

that it is a Grp- or Npy1r-negative subpopulation of SST-INs that regulates baseline 

mechanosensitivity. Future work can utilize results from high-throughput transcriptomic datasets 

to develop refined Flp- and Cre- mouse lines. This will allow more selective targeting of 
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increasingly smaller dorsal horn neuronal populations to better identify microcircuits responsible 

for individual behaviors. 

  

            Tissue and nerve injury models of persistent pain:  Intrathecal administration of NPY-

saporin reduced several operant and cognitive measures of CFA-induced allodynia, including 

responsiveness to cold temperatures in a thermal preference assay (two chamber 15 °C vs. 45 °C) 

, feeding interference (overcome a 10 °C floor plate to consume a sweet solution), and an escape 

task (climb onto a shelf to avoid a 10 °C floor plate), but did not interfere with systemic morphine-

induced analgesia (Lemons and Wiley, 2012). Similarly in the SNI model of neuropathic 

pain,  NPY-saporin dose-dependently reduced the development of mechanical allodynia (hindpaw 

withdrawal response to von Frey filaments), mechanical hyperalgesia (response to blunt pin),  and 

cold allodynia (hindpaw withdrawal response duration to acetone droplet evaporation) (Nelson et 

al., 2019). Together, these directed lesion studies support the idea that the Y1-IN subpopulation of 

dorsal horn neurons is necessary for the maintenance of both mechanical and cold modalities of 

nociceptive transmission in chronic pain states. 

1.6.2 Selective ablation of spinal Y1-Cre lineage INs with intersectional genetics 

            Goulding and colleagues restricted the expression of diphtheria toxin receptors or 

inhibitory designer receptors to Y1-Cre lineage neurons in the spinal cord and then applied 

diphtheria toxin or clozapine-N-oxide (Acton et al., 2019). The resulting ablation or inhibition of 

Y1-Cre lineage neurons did not alter responsiveness to noxious stimulation, be it cutaneous heat 

or mechanical pressure or hindpaw injection of capsaicin or formalin. Contrary to the NPY-saporin 

studies, however, ablation or silencing of Y1-Cre lineage neurons in the adult mouse reduced 
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sensitivity to light punctate touch using von Frey filaments (Acton et al., 2019). A probable 

explanation for this discrepancy is that in addition to the tight band of somatostatin- and Y1-INs 

in adult superficial dorsal horn (Duan et al., 2014; Nelson et al., 2019), the Y1-Cre lineage captures 

additional populations of neurons that appear to represent transient developmental expression of 

Y1 in the low-threshold mechanosensor-recipient zone (LTMR-RZ) in deeper laminae. Because 

the LTMR-RZ processes input from low-threshold mechanoreceptors (ie. Aß fibers) (Abraira and 

Ginty, 2013; Moehring et al., 2018), their ablation, rather than those of the Y1-INs expressed in 

the adult, likely explains the reduced sensitivity to light punctate touch. Still, this study sets the 

stage for important studies to assess the role of Y1-INs in chronic pain states. One such study could 

be the intraspinal administration of recombinant adeno-associated viruses (rAAVs) carrying 

inhibitory chemical- or opsin-gated channels into the spinal cords of Y1-Cre mice (Haenraets et 

al., 2018, 2017). This approach will allow the selective manipulation of adult Y1-INs and avoids 

the transient developmental expression of Y1 seen in the Y1-Cre lineage studies. Future studies 

might then probe inhibition of Y1-INs using chemogenetics or optogenetics in both naïve and 

chronic pain states. Such studies would complement and extend the NPY-saporin studies in 

clarifying the role that YI-INs play in the development and maintenance of chronic pain.  

1.7 Where do Y1-INs fit within the dorsal horn microcircuitry of chronic pain? 

            It is becoming increasingly clear that different injury conditions engage distinct dorsal horn 

spinal microcircuits to mediate allodynia (Peirs et al., 2021, 2015; Peirs and Seal, 2016). 

Accordingly, Y1 agonists may inhibit pain differently depending on the type of injury, e.g. 

inflammation vs. nerve injury, as we previously hypothesized (Smith et al., 2007).  
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            Inflammatory pain: In the context of inflammation, Y1 agonists likely prevent C- and Aẟ-

fiber primary afferent nociceptive transmission from being propagated to lamina I nociceptive 

projection neurons in the dorsal horn. This effect may occur via both pre- and postsynaptic 

mechanisms. First, Y1 agonists may hyperpolarize Y1-INs that are the postsynaptic targets of C-

fibers (Miyakawa et al., 2005). One such postsynaptic target may be calretinin-positive Y1-INs; 

dorsal horn interneurons that express calretinin have been increasingly implicated in inflammatory 

pain (Peirs et al., 2015), and we find that there is ~19% colocalization between calretinin- and Y1-

immmunoreactive neurons in the rat dorsal horn (Nelson et al., 2019). Second, Y1 agonists may 

act presynaptically on peptidergic, capsaicin-sensitive primary afferent terminals that contain Y1 

receptors to reduce primary afferent transmitter release (Gibbs et al., 2004; Taylor et al., 2014), 

although this remains controversial; Moran and Smith reported that unlike Y2 agonists, the Y1 

agonist F7P34NPY did not suppress excitatory transmission at the central terminal of presynaptic 

primary afferent neurons (Moran et al., 2004). Third, Y1 agonists may act collectively at both pre- 

and postsynaptic targets to reduce inflammatory hyperalgesia. 

  

            Neuropathic pain: The dorsal horn circuitry of mechanical allodynia after peripheral nerve 

injury is believed to involve the propagation of low-threshold input from Aß-fibers. For example, 

selective pharmacological inhibition of A-fibers suppressed mechanical allodynia after 

chemotherapy, nerve injury, and diabetic neuropathy, while inhibition of C-fibers did not (Xu et 

al., 2015). Because Y1 is exclusively found in small, peptidergic DRG neurons and only sparsely 

expressed at their central terminals, we suggest that Y1-INs in neuropathic pain circuits are 

inhibited by Y1 agonists at a site that is downstream of Aß-fiber input. As illustrated in Figure 6, 
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the propagation of low-threshold input from Aß-fibers is thought to activate disinhibited PKCg 

interneurons in inner lamina II that transmit light touch in a dorsally-directed microcircuit to 

lamina I projection neurons (Lu et al., 2013; Peirs and Seal, 2016; Petitjean et al., 2015; Todd, 

2017). This circuit begins with PKCg interneurons that first synapse onto excitatory transient 

central cells, which in turn synapse onto excitatory vertical cells, that then target lamina I pain 

projection neurons (Lu et al., 2013). We hypothesize that Y1-INs are a subset of these transient 

central cells, based on both their morphology and their firing patterns in response to NPY, as 

discussed in section 1.1.2. Furthermore, the only transient central cell population that has been 

identified to date is the GRP population (Dickie et al., 2019), and both single nucleosome RNA-

sequencing (Sathyamurthy et al., 2018) and the in situ hybridization results of Figure 5 

demonstrate significant overlap between Npy1r and Grp. Taken together, these results provide the 

premise for our hypothesis that spinally-directed Y1 agonists prevent the propagation of light-

touch information to spinal projection neurons by inhibiting Y1-IN transient central cells (Nelson 

et al., 2019). 
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Figure 6. Hypothetical contribution of the Y1-IN in the ascending dorsal horn microcircuit for mechanical 

pain 
Noxious mechanical inputs activate C/Aδ nociceptors (red) that project into the superficial laminae of the dorsal 

horn and synapse onto Y1-INs (dark blue), projection neurons that express the neurokinin receptor type 1 (NK1R) 

(purple), and/or vertical cells (green). Inhibitory NPY interneurons (light grey) may “gate” some of these 

nociceptive inputs at the Y1-IN. Innocuous mechanical inputs activate Aß/Aδ myelinated afferents (green) that 

project into deeper laminae of the dorsal horn and synapse onto interneurons marked by the expression of protein 

kinase C γ (PKCγ) (yellow). However, feedforward inhibition via inhibitory glycinergic and parvalbumin (PV) 

interneurons (light grey) prevents the activation of PKCγ interneurons. In the context of neuropathic pain, 

feedforward inhibition onto PKCγ interneurons is lost and innocuous light touch inputs are able to activate a 

dorsally-directed microcircuit from PKCγ interneurons onto transient central cells (Npy1r/SST/GRP neurons) that 

synapse onto vertical cells, ultimately leading to the activation of ascending NK1R interneurons that travel via the 

anterolateral tracts in the contralateral spinal cord to be processed via higher order pain centers such as the lateral 

parabrachial nucleus. Published in (Nelson and Taylor, 2021). 
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1.8 NPY and Y1-INs in Itch 

            A rapidly emerging body of literature implicates NPY signaling at Y1-INs in the regulation 

of both mechanical and chemical itch (Table 1). 

 

1.8.1 Intrathecal NPY inhibits mechanical and chemical itch 

            Mechanical Itch: Bourane et al. reported that the application of a 0.07 gram von Frey 

filament to the shaved nape of the neck in mice produced directed scratching behavior, thus 

establishing a new mouse model of mechanical itch (thought to represent the tickle-like experience 

of an insect walking on exposed skin) (Bourane et al., 2015). Intrathecal administration of the Y1-

selective agonist [Leu31,Pro34]-NPY reduced filament-induced scratching, indicating that 

exogenous administration of NPY acts at Y1 to dampen mechanical itch (Acton et al., 2019; Gao 

et al., 2018). Additionally, more recent work from Cui et al. indicates that aging may reduce NPY-

IN expression and promote the manifestation of mechanical itch. The number of Tunel-positive 

NPY-INs is enhanced in aged (24-month-old) mice and they exhibit increased scratching in 

reponse to nape stimulation. Furthermore, inhibition of NPY (i.t. anti-NPY IgG) in young mice 

enhances mechanical itch, whereas, i.t. NPY or [Leu31,Pro34]-NPY reduced filament-induced 

scratching  in aged mice (Cui et al., 2021). 

  

            Chemical Itch: Intradermal injection of pruritogenic compounds, such as histamine or the 

mast cell degranulator 48/80, increases duration and frequency of scratching bouts. Intrathecal 

[Leu31,Pro34]-NPY reduced the duration of scratching behavior but not the frequency of scratching 

bouts induced by either 48/80 or histamine (Gao et al., 2018). Similarly, intrathecal administration 
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of the Y2 agonist, peptide YY (PYY)3–36, also reduced 48/80- and histamine-induced scratching 

(Ma et al., 2020). These data indicate that exogenous administration of NPY acts at Y1 and Y2 

receptors to dampen chemical itch. Additionally, although not exactly chemical itch but similar, 

intrathecal NPY potently inhibits intrathecal morphine-induced itch behavior (Wang et al., 2021). 

The chemical itch circuit involves a specialized relay from periphery to spinal cord dorsal horn. 

Neuropeptide natriuretic polypeptide b (Nppb) is expressed in somatostatin positive DRG neurons 

that respond to chemical pruritogenic stimuli in the periphery (Huang et al., 2018). NPPB-

expressing primary afferents subsequently activate GRP neurons in the spinal cord that in turn 

activate gastrin releasing peptide receptor-expressing INs (GRPR-INs) and begin the supraspinal 

transmission of itch (Jakobsson et al., 2019; Mishra and Hoon, 2013; Pagani et al., 2019; Solinski 

et al., 2019). Y1 agonists may inhibit chemical itch transmission via hyperpolarization of 

interneurons coexpressing Y1, SST, and GRP in the superficial dorsal horn (Jakobsson et al., 2019; 

Wang et al., 2021) (Figure 7). Additionally, ~90% of NPPB-expressing DRG neurons coexpress 

Y2 (Ma et al., 2020). We speculate that intrathecal NPY may prevent the release of pruritogenic 

neurotransmitters from Nppb-expressing central terminals via Y2 activation and suggest that NPY 

may represent a therapeutic target for chronic itch at both Y1 and Y2 receptors (Figure 7). 
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Figure 7. Hypothetical contribution of the NPY Y1 and Y2 receptors in the ascending dorsal horn 

microcircuit for chemical itch 
 
Natriuretic polypeptide b-expressing (Nppb) pruritogenic inputs (maroon) project into the superficial laminae of the 

dorsal horn and synapse onto Y1-INs (dark blue) that co-express somatostatin (Sst) and gastrin releasing peptide 

(Grp). The central terminals of the Nppb-expressing pruritogenic inputs express the Y2 receptor (orange). Y1-INs 

synapse onto interneurons marked by the expression of gastrin releasing peptide receptor (Grpr) which in turn 

activate ascending itch projection neurons that express the neurokinin receptor type 1 (NK1R) (purple). NPY 

interneurons (light grey) may “gate” some of these pruritogenic inputs at Y1-INs or Y2-expressing terminals. Thus, 

endogenous or exogenous NPY can act at either or both NPY receptors to dampen the transmission of chemical itch. 

This figure is adapted from (Jakobsson et al., 2019; Ma et al., 2020). Published in (Nelson and Taylor, 2021). 
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1.8.2 Ablation of spinal NPY-Cre lineage INs induces spontaneous and mechanical itch 

            NPY-expressing neurons represent approximately one-third of spinal inhibitory 

interneurons in the superficial dorsal horn (Boyle et al., 2017). Selective ablation of spinal NPY-

Cre lineage interneurons induced spontaneous scratching behaviors as well as mechanical (but not 

chemical) itch (Bourane et al., 2015). These data suggest that NPY-Cre lineage interneurons 

tonically inhibit spontaneous scratching and mechanically-evoked itch, with the caveat that 

ablation can lead to confounding compensations that include circuit rearrangements.   

 

1.8.3 Spinal NPY-Cre ablation-induced itch is attenuated by lesion of spinal Y1-Cre or 
Ucn3-Cre INs 

            NPY-Cre interneuron ablation-induced scratching could be prevented with concomitant 

ablation of Y1-Cre lineage neurons (Acton et al., 2019). By contrast, ablation of somatostatin-Cre 

(SOM-Cre) lineage neurons had no effect (Acton et al., 2019). These disparate results following 

Y1-Cre and SOM-Cre ablation are surprising because the vast majority of Y1-INs are 

somatostatin-positive (Nelson et al., 2019; Sathyamurthy et al., 2018; Zhang et al., 1999) (Figure 

5). As described in Section 1.4.2, one explanation for this discrepancy may be the transient 

expression of Y1-Cre in the LTMR-RZ. Further studies are needed to determine whether ablation 

of Y1-Cre neurons in superficial lamina II, or deeper Y1-Cre neurons in the LTMR-RZ, are 

responsible for loss of filament-induced itch.  

  

            Pan et al. reported that NPY-Cre ablation-induced mechanical itch is prevented by 

concomitant ablation of a small excitatory interneuron population marked by Urocortin 3 

expression (Ucn3-INs) (Pan et al., 2019). The Ucn3-INs are found in inner lamina II and outer 
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lamina III of the dorsal horn and receive direct Aß low-threshold mechanosensory input (Pan et 

al., 2019). Very few Ucn3-INs exhibit Npy1r expression (14.3% colocalization), and in recordings 

from Ucn3-INs in spinal cord slices, application of [Leu31,Pro34]-NPY did not attenuate action 

potential induction following current injection (Pan et al., 2019). These results imply that Ucn3-

INs exhibit little to no functional Y1, and it is a very small population of Ucn3/Y1-INs that gate 

mechanical itch, or, more likely, Y1-INs are not involved in gating mechanical itch at all. Further 

studies, including investigations of a possible Y1-Cre lineage/Ucn3-IN overlap, are warranted to 

determine if a small population of Ucn3/Y1 interneurons are “gated” via NPY-Cre interneurons 

and mediate mechanical itch. 

1.9 Scope of thesis 

            There is a critical and pressing need to develop safe, nonaddictive, and efficacious 

analgesic drugs. Thirty years of preclinical research suggest that NPY is potently 

antihyperalgesic in a myriad of models of chronic pain (Table 1). NPY likely acts via the Y1 

receptor to hyperpolarize Y1-INs, a subclass of excitatory interneurons in the superficial dorsal 

horn that are likely to be essential for pain. The present studies were designed to test the 

overarching hypothesis that exogenous or endogenous spinal neuropeptide Y potently inhibits the 

behavioral signs of chronic pain via inhibiting pain facilitatory Y1 receptor-expressing dorsal 

horn interneurons. In these studies we determine that the specific anti-nociceptive target for 

NPY in the setting of neuropathic pain is at Y1-INs. Further, we characterize the histochemical 

heterogeneity of the dorsal horn Y1-IN population and utilize genetic tools to selectively 

modulate Y1-INs and Y1-IN subpopulations in vivo in both naïve and neuropathic pain 
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conditions. We extend this work to both macaque and human spinal cord tissue to demonstrate 

the conservation of Y1-IN expression across higher-order mammalian species. Lastly, we 

demonstrate that endogenous NPY-Y1 signaling can synergistically work with mu opiate 

receptor signaling to maintain chronic postsurgical pain in remission. Altogether, these studies 

provide extensive pre-clinical evidence that spinally-directed Y1 agonists may be a novel 

therapeutic for the treatment of chronic pain via inhibiting pain facilitatory Y1 receptor-

expressing dorsal horn interneurons. 
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2.0 Facilitation of neuropathic pain by the NPY Y1 receptor-expressing subpopulation of 
excitatory interneurons in the rat dorsal horn 

2.1 Introduction 

 
            Peripheral nerve damage can lead to a debilitating neuropathic pain syndrome that persists 

for years (Jensen et al., 2007). Even the most powerful opioid analgesics lack reliable efficacy, 

and instead cause an unacceptable set of adverse effects that often includes addiction (Finnerup et 

al., 2015). To address this problem, distinct populations of excitatory interneurons have been 

identified within the spinal dorsal horn microcircuitry that are required for the behavioral 

expression of neuropathic pain (Braz et al., 2014; Duan et al., 2014; Gangadharan and Kuner, 

2015; Peirs et al., 2015; D. Wang et al., 2018; Wang et al., 2013). These subpopulations can be 

defined by the expression of either a small molecule neurotransmitter (e.g. gamma-aminobutyric 

acid, GABA), a neuropeptide transmitter (e.g. somatostatin) (Duan et al., 2014), transporter protein 

(e.g. vesicular glutamate transporter 3, VGlut3) (Peirs et al., 2015), or opioid receptor (e.g. DOR) 

(D. Wang et al., 2018); however, none of these neural population have been found to be readily 

druggable targets for the development of pharmacological agents directed at non-opioid 

neurotransmitter receptors. 

            Both exogenous and endogenous NPY acts at Y1-INs within the dorsal horn to inhibit 

neuropathic pain. Intrathecal administration of NPY or the Y1 receptor agonist, [Leu31-Pro34]-

NPY, dose-dependently reduced mechanical and cold hypersensitivity after spared sural nerve 

injury  or chronic constriction injury to the sciatic nerve (Intondi et al., 2008; Kuphal et al., 2008; 

Malet et al., 2017). Likewise, either conditional NPY knockdown in NPYtet-transgenic mice or 
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intrathecal administration of the Y1 antagonist BIBO 3304 elicited a robust and reliable increase 

in cold and mechanical hypersensitivity (Solway et al., 2011), indicating that neuropathic 

hyperalgesia is tonically inhibited by NPY that is endogenously released within the dorsal horn. 

 

            Y1-INs are highly expressed at the dorsal horn of the spinal cord, including several 

populations of small interneurons located throughout laminae I–III (Brumovsky et al., 2006, 2004, 

2002; Ji et al., 1994). Immunohistochemical studies have localized Y1-INs to the dendrites and 

somas of somatostatin-positive dorsal horn neurons (Zhang et al., 1999). Since this population 

expresses VGLUT1 and VGLUT2 (Hökfelt et al., 2007; Todd et al., 2003), Y1-INs have been 

presumed to be glutamatergic, and thus excitatory (Brumovsky et al., 2007; Wiley et al., 2009). 

Indeed, we have postulated that Y1-INs are excitatory interneurons under an NPY-mediated 

inhibitory influence (Smith et al., 2007); however, rigorous immunohistochemical co-labeling of 

Y1-IN cell bodies in wild-type (non-transgenic) spinal cord tissue with markers of excitatory 

neurons has been difficult to interpret due to the intense plexus of dendritic and terminal staining 

that surrounds Y1-INs. To enhance Y1 resolution within dorsal horn neurons, we developed and 

evaluated a new intrathecal NPY injection strategy to promote receptor internalization, thereby 

concentrating Y1 from more distal dendritic locations to within the cell soma; the enhanced signal 

allowed quantification of Y1 co-localization with multiple markers of excitatory and inhibitory 

interneurons. 

 

            Next, to address the functional significance of spinal Y1R-expressing neurons to the 

development of neuropathic pain, we selectively lesioned Y1R-expressing dorsal horn 

interneurons using intrathecal administration of the NPY-conjugated ribosomal toxin, NPY-
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saporin (Lappi and Wiley, 2012; Lemons and Wiley, 2012; Wiley et al., 2009). NPY-saporin 

selectively, reliably, and dose-dependently delivers the cytotoxic ribosome inactivating protein, 

saporin, into Y1R neurons following NPY Y1 receptor-mediated endocytosis saporin (Lemons 

and Wiley, 2012; Wiley et al., 2009). As with other peptide-saporin conjugates, NPY-saporin is 

selectively internalized by somatodendritic Y1 receptors on dorsal horn interneurons, while 

sparing axon terminals including those of Y1+ DRG neurons (Wiley et al., 2009). Our approach, 

which uses NPY-saporin, readily discriminates between targets on cell bodies and axon terminals, 

and avoids pitfalls associated with the use of Y1-Cre transgenic mice that include germline 

recombination, transient expression, and aberrant expression at non-targeted sites (Song and 

Palmiter, 2018). 

2.2 Methods 

            Animals: Male Sprague-Dawley rats (Charles Rivers Laboratories), delivered at 165–205g 

and weighing 235-260 g at time of surgery were used throughout the study. Animals were housed 

in a temperature-controlled room on a 12-hr light/dark cycle and were given chow and water ad 

libitum. All animal use protocols were approved by the IACUC of the University of Kentucky. All 

experiments and methods were performed in accordance with institutional relevant guidelines and 

regulations and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 

 

            Intrathecal delivery of NPY and NPY-saporin: NPY: Our initial attempts to visualize 

Y1-IN cell bodies failed due to the high background staining from the dense plexus of central 

terminals of primary afferent neurons, as noted previously (Brumovsky et al., 2006). To overcome 
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this problem, Brumovsky et al used tyramide signal amplification (TSA) method combined with 

confocal imaging in thin optical sections to visualize Y1+ cell bodies (Brumovsky et al., 2006). 

Here, we used an alternative approach to enhance visualization of Y1-INs: we delivered spinal 

NPY to promote receptor internalization, thereby concentrating Y1 from more distal dendritic 

locations to within the cell soma. This was achieved following two intrathecal injections of NPY 

(30 µg) separated by 1 hour. One hour after the second injection, rats were deeply anesthetized 

with isoflurane and perfused with 0.1 M PBS containing heparin (10,000 USP units/L) followed 

by 10% buffered formalin. 

 

            NPY-Saporin: To selectively ablate spinal Y1-INs, the saporin-conjugated peptide NPY-

saporin, or a control blank-saporin (Advanced Targeting Systems, San Diego, CA) was 

intrathecally injected at the lumbar level in a volume of 10 μl using a 25 μl Hamilton microsyringe 

attached to a 27-gauge disposable sterile needle under isoflurane anesthesia (5% induction; 1.5 – 

2% maintenance). Blank saporin is an 11-amino acid, randomly-mixed version of the sequence of 

melanocyte-stimulating hormone. Its amino acid residues are typical of peptides that bind to G-

protein-coupled receptors although this random peptide has no homologous sequences that which 

it can bind to in vivo. Blank-saporin was delivered at a 1000ng dilution. The needle was inserted 

into the subarachnoid space through the intervertebral foramen. A tail flick response was used as 

verification of correct placement of the needle and successful saporin delivery was verified via 

decreases in Y1 immunoreactivity. 

 

            Spared Nerve Injury (SNI) surgery: Fourteen days after intrathecal NPY-saporin or 

blank-saporin injection, animals underwent SNI surgery. SNI was performed as described 
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previously(Decosterd and Woolf, 2000; Intondi et al., 2008). Anesthesia was induced and 

maintained with 5% and 2-3% isoflurane, respectively. After shaving and Betadine wipe of the left 

hind limb, an incision was made in the skin at the level of the trifurcation of the left sciatic nerve. 

The overlying biceps femoris muscles were retracted, exposing the tibial, common peroneal, and 

sural nerve branches. The common peroneal and tibial nerves were ligated with 6-0 silk (Ethicon, 

Somerville, NJ), and then the knot and adjacent nerve (2 mm) were transected, leaving the sural 

branch intact. The muscle was sutured with 4-0 silk sutures and the wound was closed with 9-mm 

metal clips, followed by Neosporin®.  

 

            Behavioral Testing: Behavioral testing was conducted at baseline and 3, 8, 11, 14, 17, 21, 

28, 35, 42, and 54 days post-SNI. In a separate cohort of rats, spinal cord tissue and dorsal root 

ganglia tissue were collected at 14 days post SNI surgery for immunohistochemistry. For naïve 

studies, rats received rotarod training for 2 days, then received intrathecal injection of NPY-saporin 

or blank-saporin. Testing in these rats was completed 2-3 weeks post intrathecal injection. 

 

            Mechanical Hyperalgesia, von Frey: To evaluate sensitivity to a non-noxious mechanical 

stimulus, we used an incremental series of 8 von Frey filaments of logarithmic stiffness (0.4-15 

grams). The 50% withdrawal threshold was determined using the Up-Down method (Chaplan et 

al., 1994). Each filament was applied perpendicular to the lateral hindpaw surface with sufficient 

force to cause a slight bending of the filament. A positive response was defined by a rapid 

withdrawal of the paw within 5 seconds. 
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            Mechanical Hyperalgesia, noxious pin: To evaluate sensitivity to a noxious mechanical 

stimulus, we gently and rapidly applied the point of a dull pin to the lateral aspect of the hind paw, 

avoiding damage to the skin. The duration of time with which the animal raised this paw was 

recorded, with a cut-off of 30 seconds. Three measurements were averaged. 

 

            Mechanical hyperalgesia, paw pressure:  To assess sensitivity to increasing noxious 

mechanical pressure, animals were lightly restrained while extending the hind paw. The plantar 

surface was placed on the plinth between the calipers of the Randall-Selitto device (IITC) and 

increasing gram force was gradually applied on the surface of the paw until the animal exhibited 

a withdrawal or vocalization. Three measurements of gram force at time of response were 

averaged. 

 

            Cold Allodynia, acetone drop:  To evaluate the response to a cool stimulus, we used a piece 

of PE-90 tubing, melted at the tip, to apply a drop (10-12 ul) of acetone to the lateral aspect of the 

ventral hindpaw. The duration of time with which the animal raised this paw was recorded, with a 

cut-off of 30 sec. Three measurements were averaged. 

 

            Heat Hyperalgesia, Hargreaves’ irradiant heat:  To evaluate the response to a heat 

stimulus, rats were placed in a clear Plexiglas box on a glass floor. The thermal stimulus consisted 

of a radiant heat source positioned under the glass floor directly beneath the hind paw. Voltage 

intensity was adjusted such that paw withdrawal latency was 10 ± 0.5 seconds. If the animal did 

not respond within 20 seconds, the heat was discontinued to prevent damage to the paw. 

Withdrawal responses to three stimulus pairs, delivered every five minutes, were averaged.  



 69 

 

            Heat hyperalgesia, hot plate:  To evaluate the response to a heated floor stimulus, a single 

rat was placed on a 48, 52, or 56 °C surface within an acrylic enclosure (Columbus Instruments). 

The animal was immediately removed from the enclosure when it jumped, licked, or lifted a hind 

paw. Response latencies to three trials were averaged. 

 

            Motor coordination, rotarod: To evaluate motor coordination, rotarod testing was 

performed at 7 and 14 days post-saporin injection. Rats were trained on two training days prior to 

intrathecal injection. The rotarod accelerated 0.5 rpm every 5 sec, with a maximum speed of 40 

rpm. Training involved repeated placement on the rotarod until one of the following was achieved: 

exposure to 20 sessions, or successful performance of at least 150 seconds for three consecutive 

trials. For experimental testing, rats were placed on the rotarod at one and two weeks post-

intrathecal injection. Performance time, recorded in seconds, was determined when the animal fell 

off of the rotating bar, thus breaking a light beam. Five consecutive trials were averaged for each 

animal. 

 

            Integrated Exploratory Activity:  To evaluate innate exploratory behaviors of rats in a dark 

novel “open field”, a single rat was placed in a clear Plexiglas box on a Plexiglas floor. We 

evaluated activity using the automated Photobeam Activity System (PAS) with Flexfield Animal 

Activity System (San Diego Instruments, Inc, San Diego), coupled to a computer to eliminate 

human interaction and bias. Using 32 infrared photobeams, six main parameters were measured in 

six 5−min intervals: rearing events, active time and resting time, beam breaks, and distance 

traveled. 
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            Immunohistochemistry: Animals were deeply anesthetized with pentobarbital (Fatal 

Plus, diluted to 200 mg/kg i.p., Med-Vet International, Mettawa, IL) and perfused transcardially 

with 200 ml of room temperature (RT), 0.01M phosphate buffered saline (PBS) with heparin 

(10,000 USP units/L) followed by 300 ml of ice-cold fixative (10% buffered formalin). The cord 

was removed and post-fixed for 4 hr in 10% buffered formalin (4°C) and then cryoprotected (30% 

sucrose in 0.01M PBS for 36-96 hr). L4-L6 transverse sections (35-40μm) were cut on a freezing 

microtome and collected in 0.01M PBS. The sections were washed three times in 0.01M PBS and 

then pretreated with 3% normal goat or donkey serum serum and 0.3% Triton X-100 to block non-

specific binding. Sections were then incubated in a primary antibody, rabbit anti-Fos (1:20,000, 

Calbiochem), rabbit anti-Y1 (1:5,000, courtesy of Janice Urban), rabbit Anti-CGRP for mouse/rat 

(1:20,000, Bachem) and rabbit anti-NK1R (1:10,000, Neuromics) overnight at RT on a slow 

rocker. For fluorescence co-labeling studies, we used a rabbit anti-Y1R antibody (Neuromics) 

derived from the same antigen as that developed by Janice Urban and colleagues, but at a more 

concentrated dilution (1:500). Spinal cord sections were then co-incubated with Y1 antibody 

together with either markers of excitatory interneurons (mouse anti-calbindin, 1:1,000, Sigma; 

goat anti-calretinin, 1:5,000, Swant; guinea pig anti-PKCγ, 1:10,000, courtesy of Allan Basbaum; 

mouse anti-somatostatin, 1:500, GeneTex) or a marker of inhibitory interneurons (goat anti-Pax-

2, 1:1,000, R&D systems). The tissue was then washed three times in 0.01M PBS, and incubated 

at RT in secondary antibody for either enzyme (1:200 dilution) or fluorescent (1:700 dilution) 

labeling. Secondary antibodies used for the co-localization studies were: Alexa 568-conjugated 

goat anti-rabbit; Alexa 568-conjugated donkey anti-rabbit; Alexa 488-conjugated goat anti-mouse; 

Alexa 488-conjugated goat anti-guinea pig; Alexa 488-conjugated donkey anti-goat (all 1:1,000; 
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Invitrogen). For fluorescent IB4 labeling, tissue was incubated in a primary IB4 antibody 

conjugated to FITC (1:500, Sigma) and cover-slipped with Prolong Gold with DAPI mounting 

medium (Molecular Probes). 

 

            Confocal microscopy, image processing, and quantification of Y1 co-localization: 

Representative confocal images of Y1+ co-labeling with markers of excitatory or inhibitory 

interneurons were acquired with a Leica ABOS TCS SP5 inverted laser scanning confocal 

microscope, fitted with a 100x oil immersion objective (numerical aperture 1.46). The microscope 

is a Leica DMI 6000 with LAS AF 2.7.2.9586 software. Laser excitation lines and emission 

windows for the different fluorophores were: Alexa Fluor 488 - excitation 488 nm (Ar laser), 

emission 505–555 nm; Alexa Fluor 568 - excitation 543 nm (diode laser), emission 565–615 nm; 

DAPI - excitation 405 nm (HeNe laser), emission 435-485 nm. Line averaging was used to 

decrease signal to noise ratio. Adobe Illustrator CS6 (Adobe Systems Inc., Mountain View, CA) 

was used to assemble the multi-panel figures.  

Quantification of staining in randomly-selected sections was performed with NIS Elements 

Advanced Research software. To distinguish immunohistochemical staining patterns of tibial and 

sural terminals, we selected ROIs spanning the medial-central and central-lateral regions, 

respectively, of lamina II of the tibial and sural across the mediolateral axis of the dorsal horn. 

Only DAPI-labeled cells were counted. Three animals per group and three slices per animal were 

quantified for Y1 and/or calbindin, calretinin, PKCγ, or Pax2. 

 

            Fluorescence microscopy, image processing, and quantification of Fos 

immunohistochemistry: Digital photomicrographs were captured from lumbar segment L4-L5 
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with a Nikon TE2000-E microscope with Metamorph software (Version 6.1r4, Universal 

Imaging Corp.). Immunoreactivity was quantified with NIH custom ImageJ software. Integrated 

density was determined by thresholding the images using the default algorithm within ImageJ to 

reduce background and include positively stained cells in spinal cord dorsal horns from the L4-

L5 lumbar region. Integrated density of the region of interest (ROI) is equal to the product of 

ROI area and mean gray value. The mean gray value represents the sum of the intensity values 

for all pixels above the threshold in the ROI divided by the number of pixels above threshold 

within the ROI. This method controls for differences in background between slices and subjects. 

For quantification of Fos, an observer blinded to treatment manually counted punctate 

immunoreactive profiles in lamina I-V. Six animals per group and 4-6 slices per animal were 

quantified for Y1, CGRP, IB4, or NK1R. 

 

            Statistical Analysis: Data were analyzed using Prism software (GraphPad, San Diego 

CA). All data are expressed as mean ± SEM. Statistical significance was set at P < 0.05. Behavioral 

data were analyzed by two-way ANOVA with treatment as the between-subjects factor and time 

as the within-subject factor. Other data were analyzed by one-way or two-way ANOVA and 

Bonferroni or Tukey’s post-hoc tests, or unpaired, two-tailed student T-tests. 

2.3 Results 

2.3.1 Expression of Y1 with markers of excitatory but not inhibitory interneurons in dorsal 
horn 

            Y1 immunoreactivity in the dorsal horn presents as a dense plexus of axons and dendrites 

that complicates analysis of co-labeling. We reduced this problem by pretreating animals with two 
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intrathecal injections of NPY (30 µg) separated by 1 hour so as to promote receptor internalization, 

thereby concentrating Y1 from more distal dendritic locations to within the cell soma. As 

illustrated in Figure 8, NPY pretreatment concentrated Y1 immunoreactivity within the cell soma, 

thereby permitting a more accurate assessment of spinal Y1-INs. We found Y1-INs to co-localize 

with multiple markers of excitatory neurons in superficial laminae: calbindin (Figures 8A-B, 9A), 

calretinin (Figures 8C-D, 9B), and somatostatin (Figure 8H-I), but neither PKCγ (which labels a 

band in inner lamina II) (Figures 8E-F, 9D) nor Pax2 (a marker of inhibitory neurons) (Figures 

8G-H, 9C). 

 

            The colocalization of Y1 and somatostatin is consistent with studies utilizing Y1 

immunoreactivity (Zhang et al., 1999) and transcriptional profile analyses (Chamessian et al., 

2018). Neuronal phenotypes can be classified based upon the transcription factors that regulate the 

development of their lineage (Del Barrio et al., 2013; Gross et al., 2002; Wildner et al., 2013). 

Notable is Pax2, which continues to be expressed in mature GABAergic neurons. We found very 

little co-localization with Pax2 (Figure 9C), and therefore our results indicate that Y1-INs 

represent a large subpopulation of excitatory but not inhibitory interneurons. 
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Figure 8. Y1-INs often co-express calbindin, calretinin, and/or somatostatin, but neither PKCγ nor Pax2. 

Co-staining of Y1 with DAPI and antibodies against (A,B) calbindin, (C,D) calretinin, (E,F) PKCγ, (G,H) Pax2, or 

(I) somatostatin. Confocal images of transverse L4-L6 sections from rat dorsal horn were taken with a 100X 

objective from lamina II. Dorsal side is up. Images in B, D, F, and H are zoomed in from the white square boxes 

shown in A, C, E, and G, respectively. Arrows indicate instances of Y1 co-labeling. Scale bars: 10µm. (*Confocal 

images were obtained by Dr. Weisi Fu) 
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Figure 9. Quantification of Y1 immunoreactivity co-localization 

Quantification of colocalization in medial and central dorsal horn of (A) Calbindin-, (B) Calretenin-, (C) Pax2-, and 

(D) PKCγ- with Y1-immunoreactivity. The relative distribution of subpopulations of Y1-INs as determined by % 

colocalizations can be seen in (E-F). N = 3 rats per antibody with N=3 transverse sections averaged per animal. 
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2.3.2 NPY-saporin selectively ablated Y1-expressing spinal interneurons 

            The highest dose of NPY-saporin in Wiley et al. (2009) was 750ng. This dose reduced Y1 

immunoreactivity in the dorsal horn by approximately 40% (see their Table 1) (Wiley et al., 2009). 

In an attempt to lesion a greater number of Y1-INs, we used not only the 750 ng dose, but also a 

higher dose of 1000 ng. As illustrated in Figure 10 (A-C), we found that the 1000 ng dose reduced 

Y1 staining by approximately 50% as compared to control treatment with an injection of a 

scrambled peptide conjugated to the saporin toxin. To determine the selectivity of intrathecal NPY-

saporin for Y1-INs, we evaluated not only Y1 immunoreactivity, but also immunoreactivity for 

NK1R (a marker of spinal cord nociception-responsive projection neurons that ascend to the 

brain), as well as CGRP and IB4 (markers of the central terminals of primary afferent terminals ). 

By contrast, NPY-saporin did not change IB4 staining or NK1R-, or CGRP-immunoreactivity 

relative to the blank-saporin (P > 0.05; Figure 10D-L). These findings indicate that Y1-expressing 

primary afferents and projection neurons were spared by the toxin, and are consistent with Wiley 

and colleagues who reported that intrathecal NPY-saporin did not change the number of Y1-

expressing DRG neurons, nor dorsal horn staining for either NK1R or mu opiate receptor (MOR) 

as compared to blank-saporin (Wiley et al., 2009). 
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Figure 10. NPY-saporin lesion selectively reduces Y1 immunoreactivity in the dorsal horn 

Y1R, CGRP, and NK1 immunoreactivity and IB4 staining in the dorsal horn of naïve rats 14 days after intrathecal 

injection of (A,D,G,J) blank saporin or (B,E,H,K) 1000 ng NPY-saporin. NPY-saporin decreased (C) Y1R but did 

not change staining in the dorsal horn of (F) CGRP, (I) NK1R or (L) IB4 as compared to blank-saporin controls. 

Values are expressed as integrated density of staining in dorsal horn.  P < 0.05 compared to blank-saporin. Data 

represent mean ± SEM. Scale bars: 100µm. (*Images were obtained by Renee Donahue) 
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2.3.3 NPY-saporin reduced the development and maintenance of neuropathic pain without 

changing normal motor behaviors or nociception 

            Previous studies indicate that NPY-saporin decreased behavioral signs of early 

inflammatory pain (Lemons and Wiley, 2012), including Phase II of the formalin test, and reduced 

hotplate reflex responses to low (44°C) intensity heat (Wiley et al., 2009). To determine the 

contribution of Y1-INs to chronic neuropathic pain, we delivered NPY-saporin 14 days prior to 

SNI and evaluated the progression of nerve-injury induced hyperalgesia and allodynia over several 

weeks. SNI produced mechanical hypersensitivity (von Frey), cold hypersensitivity (acetone 

drop), and mechanical hyperalgesia (blunt pin prick) that peaked at approximately 21 days in 

blank-saporin-treated control rats (Figure 11). While both mechanical and cold hypersensitivities 

reached a steady-state that was maintained until at least 54 days post-SNI, pin prick mechanical 

hyperalgesia gradually decreased from Day 28 through Day 54. Relative to rats treated with blank-

saporin, NPY-saporin dose-dependently reduced mechanical hypersensitivity (Treatment: F2,20 = 

6.42, P = 0.007), cold hypersensitivity (Treatment: F2,20 = 9.76, P = 0.0011), and mechanical 

hyperalgesia (Treatment: F2, 20 = 13.43, P = 0.0002). Secondary analysis of each NPY-saporin 

group compared to the blank-saporin control group revealed that the 750 ng did not change 

behavioral signs of neuropathic pain at earlier (Days 3 – 17) timepoints (P > 0.05), but decreased 

vF mechanical hypersensitivity (F1,13 = 12.0, P = 0.0042), cold hypersensitivity (F1,13 = 4.53, P = 

0.05), and mechanical hyperalgesia (F1, 13 = 5.29, P = 0.039) at later timepoints (Days 21 – 54). By 

contrast, the 1000 ng dose of NPY-saporin decreased behavioral signs of neuropathic pain at both 

earlier timepoints (Days 3 – 17): vF mechanical hypersensitivity (F1,15 = 7.93, P = 0.013), cold 

hypersensitivity (F1,15 = 8.20, P = 0.012), pin prick mechanical hyperalgesia (F1, 15 = 14.0, P = 

0.002), as well as later timepoints (Days 21 – 54): vF mechanical hypersensitivity (F1,15 = 14.2, P 
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= 0.0019),  cold hypersensitivity (F1,15 = 18.0, P = 0.0007) and mechanical hyperalgesia (F1,13 = 

25.4, P = 0.0001).  

 

            Analysis of area under the curve (AUC) illustrates that effect size depends on the 

somatosensory modality, time of testing after injury, and dose of NPY-saporin, Thus, while the 

750 ng dose did not change mechanical withdrawal thresholds as compared to blank-saporin 

controls over Days 3-17 (just a 1.6% increase), it produced a quite robust, greater than 3-fold 

increase in mechanical thresholds over Days 21-54 (360% increase); also the 750 ng dose 

decreased behavioral signs of noxious mechanical hyperalgesia and cold allodynia by 

approximately one-third regardless of timepoint (Days 3-17: 30.3% reduction in cold withdrawal 

response, 32.3% increase in pin prick withdrawal; Days 21-54: 36.3% reduction in cold withdrawal 

response, 33.7% increase in pin prick withdrawal). The 1000 ng dose produced even greater effects 

as compared to blank-saporin controls over Days 3-17 (increased mechanical withdrawal 

thresholds by 114%, reduced cold withdrawal response by 68.5%, and increased pin prick 

withdrawal by 74.4%) and Days 21-54 (increased mechanical withdrawal thresholds by 458%, 

reduced cold withdrawal response by 64.6%, and increased pin prick withdrawal by 66.8%). In 

summary, the effects of NPY-saporin on neuropathic pain behaviors are strongest at later 

timepoints, and the higher dose recruits an additional effect on mechanical allodynia at early 

timepoints. 
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Figure 11. Lesion of spinal Y1-INs reduces the severity of neuropathic pain 

(A, C, E) Intrathecal NPY-saporin (750 ng or 1,000 ng) reduced the development of (A) mechanical hypersensitivity 

to von Frey filaments (F2,20 = 5.516, P = 0.01), (C) cold response duration during acetone evaporation (F2,20 = 9.889, 

P = 0.001), and (E) mechanical response duration to blunt pin (F2,20 = 13.43, P = 0.0002), compared to intrathecal 

Blank-saporin. Repeated Measures Two-way ANOVA + Bonferonni. (B, D, F) Area Under the Curve (AUC) 

analyses for days 3-17 (P < 0.05 for all panels) and 21-54, respectively. One-way ANOVA + Bonferonni. N = 6 - 9 

per group.  P < 0.05 compared to Blank-saporin. Dots represent individual subjects within the analysis. Data 

represent mean ± SEM. (*Behavioral experimentation peformed by Renee Donahue) 
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            We evaluated the effect of NPY-saporin on numerous parameters of acute pain and motor 

control (Figure 12). As compared to blank-saporin, NPY-saporin did not change thermal or 

mechanical sensitivity, body weight, motor coordination, ambulatory behavior, nor exploratory 

behaviors in an open field activity box (P > 0.05). This data suggests that the anti-hyperalgesia 

effects of NPY observed in Figure 11 do not apply to all modalities of acute nociception, and are 

not confounded by motor side effects. Our results indicate that NPY-saporin did not change 

hindpaw withdrawal thresholds in response to application of noxious heat at 48°C, 52°C, or 56°C. 

This is consistent with Wiley et al (2009) who reported no effect in response to 47°C or 52°C 

(antinociceptive effects were observed only at a much lower temperature of 44°C) (Wiley et al., 

2009). 
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Figure 12. Lesion of spinal Y1-INs does not alter basal nociception or motor control 

The effect of intrathecal blank-saporin or NPY-saporin (1000 ng) on rat nociceptive behavior in the (A) hotplate 

assay and (B) Hargreave’s thermal assay for heat hyperalgesia, and the (C) Randel-Siletto paw pressure assay and 

the (D) von Frey filament assay for mechanical sensitivity. (E) Neither blank-saporin nor NPY-saporin changed 

body weight. The effect of intrathecal blank-saporin or NPY-saporin (1000 ng) on rat motor behavior in the (F) 

Rotarod test for motor coordination, and (G-K) general activity measures in an open field arena.  Dots represent 

individual subjects within the analysis. Data represent mean ± SEM. (*Behavioral experimentation peformed by 

Renee Donahue) 
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2.3.4 Nerve injury does not decrease NPY-Y1 receptor signaling in the dorsal horn 

            Peripheral nerve injury decreases the expression of several neuropeptide transmitters and 

receptors in dorsal root ganglion and spinal cord (Hökfelt et al., 1994), as well as the signal 

transduction of pain inhibitory GPCRs in in the brain (Hoot et al., 2010). For example, injury-

induced decreases in the dorsal horn expression of the mu opioid receptor is accompanied by 

decreases in capacity for opioid-induced analgesia (Kohno et al., 2005; Zhang et al., 1997), a 

mechanism that might explain the poor efficacy of opioid analgesics for neuropathic pain (Taylor, 

2009). Whether nerve injury produces similar changes in Y1 signaling and responsiveness to NPY 

antinociception is unknown. To address this question, we evaluated Y1 density and NPY-induced 

FOS activation of Y1-INs after SNI. We used a polyclonal antibody whose Y1R specificity in rat 

tissue was confirmed using western analysis, preadsorption of the antibody with peptide, and 

preimmune serum controls (Wolak et al., 2003).  

 

            As previously described (Brumovsky et al., 2006), we observed a pattern of intense Y1 

immunoreactivity in laminae I-II comprised of tightly-packed cell bodies, embedded in Y1R-

expressing processes, surrounded by CGRP-immunoreactive nerve endings (Figure 13A), and 

overlapping with IB4-positive cells (Figure 13B). As expected, SNI substantially reduced CGRP 

immunoreactivity and IB4 staining within the innervation territories of the tibial and common 

peroneal nerves (Figure 13C, D). By contrast, SNI only slightly reduced spinal Y1 

immunoreactivity density within just the tibial and not the common peroneal innervation territory 

(Figure 13E, F). While this slight immunoreactive reduction likely represents loss of Y1 expressed 

on the central terminals of primary afferent neurons that terminate in the IB4-positive laminar 

band, the small effect here is consistent with preliminary reports suggesting that “light” or 
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“medium” chronic constriction injuries impact 80% or less of the sciatic nerve and, thus, would 

not substantially reduce spinal Y1 immunoreactivity density (Brumovsky et al., 2004). 
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Figure 13. Peripheral nerve injury largely spares Y1 receptor expression in the dorsal horn 

(A-B) In uninjured rats, Y1 receptor immunostaining of lumbar spinal cord slices shows minimal colocalization with 

the afferent terminal markers (A) CGRP and (B) IB4. SNI largely spared Y1 in contrast to large decreases in (C) 

CGRP and (D) IB4. (E) Quantification of Y1 immunostaining across the entire mediolateral axis of the dorsal horn 

revealed no significant overall loss of Y1. (F) Segregation of the dorsal horn by the innervation zones of the tibial 

(medial, M), common peroneal (central, C) or sural (lateral, L) branches of the sciatic nerve revealed a slight 

decrease in Y1 density in the tibial innervation zone relative to controls. Control, N = 4; SNI, N = 8.  P < 0.05 

compared to control. Data represent mean ± SEM. Dots represent individual subjects in the analysis. (*Images 

obtained by Dr. Gregory Corder) 
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            We next evaluated the effect of NPY on neuronal activity in Y1-INs during neuropathic 

conditions. After intrathecal administration of NPY, we quantified the co-expression of Fos and 

Y1 in dorsal horn neurons. We found that intrathecal NPY increased von Frey thresholds (Figure 

14A, P < 0.05) and reduced the number of Fos-expressing cells in the dorsal horn (Figure 14B, P 

< 0.01). Importantly, NPY decreased Fos expression within Y1-INs (Figure 14C, P < 0.05). In 

summary, peripheral nerve injury spares spinal Y1 receptor density and responsiveness of Y1-INs 

to NPY. These studies indicate that the Y1 receptor retains the capacity to inhibit spinal pain 

transmission after nerve injury. 

 
 

 

 
Figure 14. NPY reduces neuropathic mechanical hypersensitivity and light touch-evoked c-Fos expression in 

Y1-INs. 

(A) von Frey thresholds 14 days after SNI before (pre-injection) and 60 min after intrathecal injection of saline or 

NPY (post-injection). Non-noxious mechanical stimulus-evoked expression of Fos-immunoreactivity in laminae I-II 

(B) for all neurons and (C) in Y1 receptor-immunoreactive neurons. N = 6 - 9.  P < 0.05 compared to control. 

Data represent mean ± SEM. Dots represent individual subjects in the analysis. (*Quantification performed by Dr. 

Gregory Corder) 
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2.4 Discussion 

            The key finding of the present studies is that selective ablation of Y1R-expressing neurons 

in the dorsal horn delayed the onset and reduced the intensity of behavioral signs of neuropathic 

hyperalgesia after peripheral nerve injury. The effect was broad spectrum, impinging upon 

multiple somatosensory modalities including non-noxious mechanical, noxious mechanical, and 

cold hypersensitivity. These results further support spinal Y1R as a potential target for the 

pharmacological treatment of chronic pain. 

 

2.4.1 Y1 receptor-expressing spinal excitatory interneurons contribute to neuropathic pain 

            Calbindin and calretinin are primarily located in different sub-populations of dorsal horn 

neurons and are largely (but not exclusively) restricted to glutamatergic cells (Smith et al., 2016, 

2015; Todd, 2010). For the first time, we show that both are contained in Y1R-immunoreactive 

neurons. PKCγ-immunoreactive neurons are present throughout laminae I–III (Malmberg et al., 

1997; Polgár et al., 1999), particularly in the inner half of lamina II, where their dendrites form a 

dense plexus (Hughes et al., 2003; Neumann et al., 2008). Although PKCγ-immunoreactive cell 

bodies make numerous contacts with NPY-positive boutons and dendrites (Polgar et al., 2011) and 

thus might appear to be a candidate for co-expression with Y1-INs, this population is largely 

distinct from the calbindin and calretinin populations and did not colocalize with Y1 in the current 

study. We conclude that the vast majority of Y1-INs are excitatory interneurons that lie dorsal to 

the inner lamina II band that is demarcated by PKCγ staining. 

 
            We found that Y1-immunoreactive neurons in lamina II typically contain somatostatin 

(Zhang et al., 1999). Most somatostatin-containing boutons contain the vesicular glutamate 
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transporter 2, VGLUT2 (Todd et al., 2003), and somatostatin lineage-tdTomato cells extensively 

co-label with Vglut2 mRNA (Duan et al., 2014). Because excitatory interneurons and their boutons 

in the dorsal horn express VGLUT2 (Punnakkal et al., 2014; Todd et al., 2003; Yasaka et al., 

2010), it is highly likely that somatostatin-expressing neurons are excitatory. Furthermore, 

selective ablation of somatostatin lineage neurons, using an intersectional genetic strategy, 

decreased mechanical allodynia associated with SNI in the mouse, suggesting that spinal 

somatostatin-expressing excitatory interneurons transmit neuropathic mechanical information 

(Duan et al., 2014). This is consistent with the present results showing that deletion of Y1-INs, 

and thus a subset of somatostatin neurons, decreased the neuropathic allodynia in the rat. 

 
            In addition to novel immunohistochemical profiling of neuropeptide and neurotransmitter 

neuron populations of the dorsal horn, significant progress has been made in the past decade in 

understanding the development of dorsal horn spinal neuron lineages. Of note is the uncovering of 

specific transcription factors that determine the excitatory (glutamatergic) or inhibitory 

(GABAergic/glycinergic) cell fate of spinal dorsal horn neurons (Bröhl et al., 2008; Huang et al., 

2008; Xu et al., 2008). In support of our studies, Npy1r gene expression is almost exclusively 

found in Tlx3+ glutamatergic neurons, and rarely found in Pax2+ GABAergic neurons (Guo et al., 

2012). Further, transcriptomic profiling analysis has determined that Npy1r mRNA is significantly 

enriched in the somatostatin dorsal horn neuron population (Chamessian et al., 2018). Single-

nucleus RNA sequencing has clustered Npy1r into a dorsal excitatory peptidergic neuron cluster 

(Sathyamurthy et al., 2018), and single-cell RNA sequencing has classified Npy1r neurons as 

excitatory glutamatergic interneurons (Häring et al., 2018). 

 



 89 

2.4.2 Y1 receptor-expressing interneurons contribute to the development and maintenance 
of neuropathic pain 

            The effect of NPY-saporin on the development (early timepoints) and maintenance (late 

timepoints) of allodynia and hyperalgesia varied with dose and somatosensory modality. For 

example, the 750 ng dose did not change von Frey mechanical threshold at earlier timepoints, but 

exerted a robust increase in threshold at later timepoints. By contrast, the 1000 ng dose of NPY-

saporin reduced mechanical thresholds (and cold and pinprick responses) at all timepoints. The 

additional efficacy of the higher NPY-saporin dose at earlier timepoints suggest that two 

subpopulations of Y1 receptor+ interneurons differentially control the early development and the 

long-term maintenance of nerve injury-induced mechanical allodynia. Thus, in addition to a Y1-

IN subpopulation that maintains neuropathic pain and is vulnerable to 750 ng NPY-saporin, there 

is an additional subpopulation that drives the development of neuropathic pain and is only 

vulnerable to the 1000 ng dose. 

 

            These studies are the first to implicate Y1-INs in the development of neuropathic pain and 

are consistent with previous studies indicating that Y1 receptors contribute to the maintenance of 

neuropathic pain. For example, intrathecal administration of neuropeptide Y or the selective Y1 

receptor agonist, [Leu31 Pro34]-NPY, dose-dependently reversed established markers of 

neuropathic pain including hyperalgesia and stimulus-evoked Fos expression in the dorsal horn 

(Intondi et al., 2008; Malet et al., 2017). Further studies are needed to determine whether ablation 

or inhibition of Y1-INs, with either intrathecal administration of NPY-saporin or optogenetic or 

chemogenetic inhibition of Y1-INs utilizing cre driver lines, will inhibit established signs of 

neuropathic pain when administered days to weeks after peripheral nerve injury. 
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2.4.3 NPY-saporin selectively targets Y1-INs rather than central terminals of primary 
afferent neurons or spinal projection neurons 

            Y1 receptors are expressed on small- to medium-sized DRG neurons and spinal cord 

neurons (Brumovsky et al., 2007, 2006, 2002; Taylor et al., 2014; Zhang et al., 1999). Since 

intrathecal NPY-saporin could conceivably cross the fibrous sheath that encases the DRG (as 

observed with GFP-conjugated viral particles), or be taken up by terminals of Y1 receptor-

expressing primary afferents, and attack peripheral Y1 receptor-containing cells, one might predict 

that intrathecal NPY-saporin would kill not only Y1 receptor-containing dorsal horn neurons but 

also DRG neurons and their unmyelinated afferents that terminate in lamina I / outer part of lamina 

II (CGRP-containing) or in the inner part of lamina II (isolectin B4-containing). This is unlikely 

for several reasons. First, the current studies indicate that NPY-saporin did not change CGRP and 

IB4 staining in the dorsal horn. Second, spinal Y1 immunoreactivity does not readily co-stain with 

CGRP, SP, or IB4 (Brumovsky et al., 2002; Taylor et al., 2014) and is unchanged following dorsal 

rhizotomy (Ji et al., 1994), indicating that its existence on the central terminals of primary afferents 

is sparse at best. Third, Wiley and colleagues reported that intrathecal NPY-saporin had no effect 

on Y1 receptor-expressing cell counts in DRG of the fourth lumbar spinal segment (Wiley et al., 

2009), indicating insufficient penetration into the DRG. Lastly, the vast majority of NPY Y2 

receptors in the dorsal horn are found on the central terminals of primary afferents(Brumovsky et 

al., 2005), but a recent single-cell RNA sequencing analysis suggests the existence of Y2 receptors 

on a few interneurons (Häring et al., 2018). We cannot exclude that these very few Y2 receptor-

expressing neurons were affected by NPY-saporin but consider it highly unlikely that this would 

affect the conclusions drawn in our study, as has been previously concluded (Wiley et al., 2009). 

Therefore, we conclude that the vast majority of Y1 receptor immunoreactivity is located on dorsal 
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horn neurons, and that NPY-saporin selectively ablates this Y1 receptor-containing population of 

neurons, rather than Y1- or Y2 receptor-positive terminals of primary afferent neurons. 

 

            Similar lack of effect on DRG neurons has been reported after intrathecal injection of 

dermorphin-saporin, a mu opiate receptor-specific toxin (Kline IV and Wiley, 2008). In that study, 

dermorphin-saporin injections destroyed lamina II MOR-expressing interneurons but had no effect 

on MOR-expressing DRG neurons. Although immunotoxins, such as OX7-saporin, 192-saporin 

and anti-dopamine beta-hydroxylase saporin are effective suicide transport agents (killing target 

neurons after selective uptake into axon terminals, followed by retrograde axonal transport to cell 

bodies where saporin acts to induce cell death), there is considerable evidence that intrathecal 

neuropeptide-saporin conjugates do not affect DRG neurons (Kline IV and Wiley, 2008; Wiley et 

al., 2009; Wiley and Kline Iv, 2000). Thus, there is a key difference between immunotoxins which 

are effective suicide transport agents and neuropeptide-toxin conjugates which are not. 

 
            Y1 receptor-immunoreactive cells exhibited retrograde labeling in lamina I, V, and X after 

choleratoxin B injection at the level of the 9th thoracic segment, and therefore project, at least, to 

the lower thoracic levels (Brumovsky et al., 2006) and likely on to the brainstem and diencephalic 

areas for further processing of nociceptive signals (Braz et al., 2014). The majority of lamina I 

projection neurons and some in the deeper laminae express the NK1 receptor (Todd et al., 2000, 

1998), particularly those with a multipolar or fusiform shape (Almarestani et al., 2007), and it is 

the latter which are Y1 receptor-expressing (Brumovsky et al., 2006). However, consistent with 

previous studies (Wiley et al., 2009), we found that NPY-saporin did not change NK1R-

immunoreactivity in the superficial dorsal horn, indicating that the mechanism by which NPY-

saporin decreases neuropathic pain does not directly implicate NK1 receptor-expressing projection 
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neurons. Furthermore, we do not believe that NPY-saporin targeted NK1 receptor-negative, large 

pyramidal-shaped projection neurons in lamina I (Polgár et al., 2008), because those do not express 

the Y1 receptor (Brumovsky et al., 2006). Although we cannot exclude a contribution of NK1 

receptor-negative neurons in deeper laminae, their numbers are small and so we conclude that the 

mechanism by which NPY-saporin reduces neuropathic pain is most likely due to ablation of Y1-

INs, rather than projection neurons, in the dorsal horn. 

 

2.4.4 The Y1 receptor retains its functional responsiveness to the pain inhibitory actions of 
NPY in the setting of nerve injury 

            Peripheral nerve injury decreases the expression of opioid receptors (Kohno et al., 2005; 

Zhang et al., 1997) and the ability of agonists to inhibit synaptic transmission in the dorsal horn 

(Kohno et al., 2005). Such mechanisms might explain the poor efficacy of opioid analgesics for 

neuropathic pain (Taylor, 2009). By contrast, we report that nerve injury did not decrease spinal 

Y1 receptor expression. Instead, intrathecal administration of NPY reduced nerve injury-induced 

mechanical hyperalgesia as well as stimulus-evoked gene expression (using Fos as a marker) on 

the Y1-INs, consistent with and extending our previous studies (Intondi et al., 2008). This supports 

our suggestion that the Y1 receptor, in contrast to the mu opioid receptor, has greater capacity for 

endogenous pain relief (Solway et al., 2011), and thus may be superior to opioids as a 

pharmacological target for long-lasting relief from neuropathic pain, particularly when 

administered at the spinal level (Smith et al., 2007). In summary, our neuroanatomical and 

behavioral characterization of Y1-INs provides compelling evidence for the development of 

spinally-directed Y1 receptor agonists to reduce chronic neuropathic pain. 



 93 

2.4.5 Does endogenous NPY act at Y1-INs to tonically inhibit neuropathic pain? 

            When administered at the spinal level, NPY Y1 receptor agonists exert a broad-spectrum 

inhibition of pain (Smith et al., 2007). This action is particularly robust in peripheral nerve injury 

models of neuropathic pain (Malet et al., 2017), as intrathecal NPY has little effect on thermal 

thresholds in uninjured animals, but dose-dependently reduces behavioral signs of tactile and 

thermal hyperalgesia after injury, effects that can be blocked with a Y1 receptor-selective 

antagonist (Intondi et al., 2008). These pharmacological actions mimic the tonic inhibitory control 

of neuropathic pain by endogenous NPY (Solway et al., 2011). Indeed, our results are consistent 

with the hypothesis that NPY-Y1 receptor signaling counters facilitatory mechanisms of 

neuropathic pain following peripheral nerve damage. 

 

            The classic Gate Control Theory (GCT) of pain postulated that the input generated by 

nociceptive as well as non-nociceptive afferents is regulated by a complex, gated circuit in the 

dorsal horn. One of the central tenets of GCT is that an inhibitory interneuron in the substantia 

gelatinosa responds to non-nociceptive input by inhibiting, or closing the gate on, a neuron that 

transmits pain messages to the brain (Melzack and Wall, 1965). Recent studies indicate that gating 

might also occur at excitatory interneurons, including those that express somatostatin, VGLUT3, 

or PKCγ (Duan et al., 2014; Peirs et al., 2015; Petitjean et al., 2015). Based on a large body of 

anatomical, behavioral, transcriptomic, and electrophysiological evidence, we speculate that the 

Y1 receptor-expressing excitatory interneurons described here would be gated by inhibitory NPY-

expressing interneurons that release NPY (Smith et al., 2007). First, extensive anatomical evidence 

describes a large subset of GABA-expressing dorsal horn interneurons that co-express NPY 

(Polgar et al., 2011). Second, we reported that endogenous NPY tonically inhibits neuropathic pain 
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behavior (Solway et al., 2011). Third, Smith and colleagues described inhibitory actions of NPY 

on the neurophysiological activity of dorsal horn neurons (Moran et al., 2004). 

 

            These results shed further light on the mechanism by which endogenous NPY tonically 

inhibits peripheral neuropathic pain, and we conclude this likely occurs via the hyperpolarization 

of Y1 receptor-expressing excitatory interneurons, rather than through disinhibition of Y1 

receptor-expressing inhibitory interneurons as we have earlier postulated (Smith et al., 2007). Our 

results highlight the importance of endogenous NPY-Y1 receptor signaling in chronic pain 

regulation and provide a foundational mechanism for the targeting of spinal Y1-INs as a promising 

target for pharmacotherapies to treat clinical neuropathic pain. 
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3.0 Spinal neuropeptide Y Y1 receptor-expressing neurons are a pharmacotherapeutic 
target for the alleviation of neuropathic pain 

3.1 Introduction 

 
            Nociception serves as a danger signal to prevent tissue damage and promote survival 

(Sherrington, 1906). However, peripheral nerve damage can lead to pathological allodynia 

(normally innocuous sensory input is amplified and conveyed as painful), debilitating spontaneous 

pain, and  affective comorbidities such as anxiety and depression (Costigan et al., 2009; Finnerup 

et al., 2021; Taylor, 2009). These features of neuropathic pain are poorly responsive to analgesic 

drugs (Colloca et al., 2017; Gierthmühlen and Baron, 2016; Jensen and Finnerup, 2014; von Hehn 

et al., 2012), necessitating the need for new pharmacological targets. Such targets are likely to be 

found in the spinal cord dorsal horn (DH) (Gong et al., 2019; Moehring et al., 2018; Todd, 2010; 

West et al., 2015) as peripheral nerve injury increases the intrinsic excitability of DH neurons  

(Latremoliere and Woolf, 2009; Woolf, 1983) and disinhibits excitatory (glutamatergic) DH 

neurons (Gradwell et al., 2020; Inquimbert et al., 2018; Sivilotti and Woolf, 1994) to produce 

allodynia (Boyle et al., 2019; Lu et al., 2013; Peirs et al., 2021; Petitjean et al., 2015; Schoffnegger 

et al., 2008). Key populations of excitatory neurons that mediate allodynia include those that 

express protein kinase C gamma (PKCγ) (Lu et al., 2013; Malmberg et al., 1997; Miracourt et al., 

2007; Neumann et al., 2008; Peirs et al., 2021; Petitjean et al., 2015; Wang et al., 2020), 

somatostatin (Sst) (Christensen et al., 2016; Duan et al., 2014), cholecystokinin (CCK) (Liu et al., 

2018; Peirs et al., 2021), neurokinin-1 receptor (NK1R) (Maiarù et al., 2018), and transient 

vesicular glutamate transporter 3 during development (tVGLUT3) (Cheng et al., 2017; Peirs et al., 

2015); however, these neural subpopulations do not represent readily druggable pharmaceutical 
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targets. By contrast, pharmacological agonism at excitatory interneurons that express a 

neurotransmitter receptor coupled to inhibitory G-proteins (Gi/o), such as the neuropeptide Y Y1 

receptor, should reduce pronociceptive signaling. Indeed, application of NPY Y1-selective 

agonists to spinal cord slices reduces the excitability of NPY Y1 receptor-expressing interneurons 

(Y1-INs) and decreases pronociceptive signaling (Melnick, 2012; Miyakawa et al., 2005; Sinha et 

al., 2021). In this chapter, we use a multi-pronged approach including [35S]GTPγS binding in 

spinal cord slice,  in vivo spinal cord pharmacology, optogenetics, chemogenetics, conditional 

genetic knockout mice, and ex vivo slice electrophysiology in the spared nerve injury (SNI) model 

of neuropathic pain. We demonstrate that spinal Y1-INs facilitate allodynia and mediate the anti-

hyperalgesic effects of intrathecally-administered NPY. These results promote Y1-INs as a 

promising pharmacotherapeutic target for the treatment of neuropathic pain with Y1-selective 

agonists. 

3.2 Methods 

Animals 

            Adult C57Bl/6NCrl (Charles River, #027), Npy1rCre (B6.Cg-Npy1rtm1.1(cre/GFP)Rpa/J; the 

Jackson Laboratory, #030544), Npy1reGFP (RRID:MMRRC_010554; UCD), Npy1rloxP/loxP 

(courtesy of Herbert Herzog, (Howell et al., 2003)), PirtCre (courtesy of Xinzhong Dong, (Kim et 

al., 2008)), and Lbx1Cre (courtesy of Carmen Birchmeier, (Sieber et al., 2007)) mice were group 

housed, provided access to food and water ad libitum, and maintained on a 12:12 hour light:dark 

cycle (lights on at 7:00am) in temperature and humidity controlled rooms. Male and female mice 

were used in all experiments. No significant sex differences were observed. All procedures were 
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approved by the Institutional Animal Care and Use Committees of the University of Pittsburgh 

and University of Kentucky. Additionally, all experiments followed the guidelines for the 

treatment of animals of the International Association for the Study of Pain. 

 
Intrathecal Injections 

            Intrathecal injections of [Leu31, Pro34]-NPY (human, rat), BIBO 3304 trifluoroacetate, or 

BIIE 0246 hydrochloride (TOCRIS) were performed in lightly restrained unanesthetized mice. 

Briefly, a 30G needle attached to a Hamilton microsyringe was inserted between the L5/L6 

vertebrae at the cauda equina, puncturing the dura (confirmed by presence of reflexive tail flick). 

We then injected a 5μl volume of vehicle or drug. Animals were injected twice using a cross-over 

design with a 3-7-day separation between two injections. For example, animals receiving vehicle 

for the first injection received drug for the second, and animals receiving drug for the first injection 

received vehicle for the second. In all cases, group means of vehicle and drug did not differ on 

either injection day and were combined for final analysis.  

 
Surgeries 

            Spared Nerve Injury: SNI was performed as previously described (Nelson et al., 2019; 

Solway et al., 2011). Briefly, mice were anesthetized with inhaled isoflurane (5% induction and 

2% maintenance) and the left hind limb was shaved with trimmers and sterilized with 70% ethanol 

and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). A small incision was made 

in the skin of the hind left leg and the underlying muscle was spread via blunt dissection to expose 

the underlying branches of the sciatic nerve. The peroneal and tibial nerves were then ligated with 

6-0 silk sutures and transected while carefully avoiding the sural nerve. The muscle tissue was 

then loosely sutured with 5-0 nylon sutures and the skin was closed with 9mm wound clips. Topical 
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triple antibiotic ointment (Neosporin) was applied to the wound. Wound clips were removed ~7-

10 days post-surgery and behavioral experiments began 14 days after surgery. Sham surgery was 

performed in an identical manner with nerve exposure but no ligation or transection.  

 
            Intraspinal AAV Injections: Mice were anesthetized with inhaled isoflurane (5% 

induction and 2% maintenance) and the back was shaved with trimmers and sterilized with 70% 

ethanol and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). A midline incision 

was carefully made until the underlying vertebrae were clearly visible. A partial laminectomy was 

performed to remove the L1 vertebrae overlying the L4 segment of the spinal cord. A glass 

microelectrode was inserted into three separate locations in the exposed left lumbar spinal cord 

along the rostral caudal axis. At each injection site the glass microelectrode was lowered to a depth 

of 250 µm below the dura using a stereotaxic frame. 333.3 nL of virus was slowly injected into 

each of the three spots (5 nL/sec) with a 3-minute wait time after completion of each injection to 

permit adequate infusion. The lassimus dorsi was sutured with 5-0 nylon sutures to protect the 

exposed spinal cord and the overlying skin was closed with 9mm wound clips. Topical triple 

antibiotic ointment (Neosporin) was applied to the wound. Subcutaneous Buprenorphine HCL 

(0.05 mg/kg) was utilized for 72 hours as a post-operative analgesic. Behavioral experiments began 

21 days after surgery. For the complete list of AAVs used see Table 2. 
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Table 2. List of AAVs Used 
AAV8-hSyn-DIO-hM3D(Gq)-mCitrine Addgene Cat: 44361-AAV8 

AAV8-hSyn-DIO-hM4D(Gi)-mCherry Addgene Cat: 44362-AAV8 

AAV8-hSyn-DIO-mCherry Addgene Cat: 50459-AAV8 

AAV8-hSyn-FLEX-Chronos-GFP UNC (Klapoetke et al., 

2014) 

 

Spinal Optogenetic Neurolux Implant: Intraspinal AAV injections were performed as described 

above. However, following AAV infusion the lassimus dorsi was not sutured and instead Kwil-Sil 

Silicone Elastomer was applied over the exposed spinal cord to protect the underlying neural 

tissue. Next, the spinal optogenetic implant (Neurolux Spinal Device- Wavelength 470 nm) was 

gently placed onto the silicone elastomer with the LED targeting the viral injection sites. Light 

Super Glue was applied to the implant and muscle to increase the security of the implant. The 

overlying skin was closed with 9mm wound clips. Topical triple antibiotic ointment (Neosporin) 

was applied to the wound. Subcutaneous Buprenorphine HCL (0.05 mg/kg) was utilized for 72 

hours as a post-operative analgesic. Behavioral experiments began 21 days after surgery. 

 

Behavioral Testing 

            Mechanical Withdrawal Threshold: Testing was performed as described in (Solway et al., 

2011). Mice were habituated to plexiglass chambers with opaque walls (15 × 4 × 4 cm) on a raised 

wire mesh platform for 30-60 minutes one day before and immediately prior to behavioral testing. 

Testing was performed using a calibrated set of logarithmically increasing von Frey 

monofilaments (Stoelting, Illinois) that range in gram force from 0.007 to 6.0 g. Beginning with a 

0.4 g filament, these were applied perpendicular to the lateral hindpaw surface with sufficient force 
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to cause a slight bending of the filament. A positive response was denoted as a rapid withdrawal 

of the paw within 4 seconds of application. Using the Up-Down method (Chaplan et al., 1994), a 

positive response was followed by a lower filament and a negative response was followed by a 

higher filament to calculate the 50% withdrawal threshold for each mouse. 

 
            Cold Withdrawal Duration: Immediately following von Frey testing, acetone drop 

withdrawal testing was performed on mice in the same plexiglass chambers on a raised wire mesh 

platform. Using a syringe connected to PE-90 tubing, flared at the tip to a diameter of 3 1/2 mm, 

we applied a drop of acetone to the lateral side of the hind plantar paw. Surface tension maintained 

the volume of the drop to ~10 µL. The length of time the animal lifted or shook its paw was 

recorded for 30 s. Three observations were averaged. 

 

            Heat Withdrawal Latency: Mice were placed on a heated surface (52.5 ± 1 °C) within an 

acrylic enclosure (Hotplate; Columbus Instruments, Columbus, OH). The time until hindpaw 

withdraw response (e.g., jumping, licking, flinching) was recorded. The animal was immediately 

removed after paw withdraw or a cutoff of 20 s to avoid tissue injury. Three observations were 

averaged with a between-trial interval of at least 10 min. 

 

            Spontaneous Nocifensive Behavior: Following intraperitoneal injection of saline or CNO, 

we recorded the duration of nocifensive behaviors, defined as hind paw-directed lifting, licking, 

shaking, or holding of the paw for 10 minutes (30-40 minutes post-injection). These represent 

commonly described nocifensive behavioral responses in the literature (Chen et al., 2018; Gilding 

et al., 2020; Grajales-Reyes et al., 2021; Petitjean et al., 2019; Robinson et al., 2018; Smith et al., 

2019). 
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            Open Field Testing: The open field exploratory behavioral data were collected in the 

Preclinical Phenotyping Core of the University of Pittsburgh School of Medicine. Immediately 

following intraperitoneal CNO injection, spontaneous activity was recorded for 60 minutes in an 

automated open field apparatus for mice (Omnitech Electronics Incorporated, Columbus, OH). An 

additional experiment was performed in a separate hM3D(Gq)-injected Npy1rCre mouse group in 

which mice were pretreated with saline or Gabapentin 100 mg/kg i.p., and 30 minutes later injected 

with CNO 3 mg/kg i.p. before being placed in the open field apparatus for 60 minutes. 24 hours 

later, the same mice received a crossover injection (saline vs. gabapentin or gabapentin vs. saline) 

and they were again placed in the open field apparatus for 60 minutes. Movement time, rest time, 

and stereotypic episode activity counts were measured by infrared photobeams located around the 

perimeter of the arenas and interfaced to a computer running Fusion v6 software (Omnitech 

Electronics Incorporated). According to the Omnitech Handbook these three behaviors are defined 

as: Movement time: “The length of time that the subject spent in activity. Activity is defined as a 

period in which ambulation or stereotypy occurred.”, Rest Time: “The length of time that the 

subject spent at rest. A resting period is defined as a period of inactivity greater than or equal to 1 

second.,” and Stereotypic Episode Activity Count: “Number of beam breaks that occur during a 

period of stereotypic activity. If the animal breaks the same beam (or set of beams) repeatedly then 

the monitor considers that the animal is exhibiting stereotypy. This typically happens during 

grooming or head bobbing.” An averaged activity plot was generated for all animals of each group 

using the Fusion Locomotor Activity Plotter analyses module (Omnitech Electronics 

Incorporated). 
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            Conditioned Place Preference/Avoidance: A three-day conditioning protocol using a 

biased chamber assignment was used for conditioned place preference (CPP) and conditioned 

place aversion (CPA). On the acclimation day (Day 1), mice had free access to explore all 

chambers of a 3-chamber conditioned place testing apparatus (side chambers: 170 x 150 mm; 

center chamber: 70 x 150 mm; height: 200 mm; San Diego Instruments) for 30 mins. Mice were 

able to discriminate between chambers using visual (vertical versus horizontal black-and-white 

striped walls) and sensory (rough versus smooth textured floor) cues. For pre-conditioning (Days 

2 and 3), mice were again allowed to freely explore for 15 mins (CPP) or 30 mins (CPA) whilst 

their position was recorded via a 4 x 16 infra-red photobeam array by associated software (San 

Diego Instruments). For conditioning (Days 4-6), in CPP each mouse’s preferred chamber was 

paired with saline and the non-preferred chamber with clozapine n’ Oxide (CNO), conversely, in 

CPA each mouse’s non-preferred chamber was paired with saline and the preferred chamber CNO. 

Each morning mice received an i.p. saline injection, were returned to their home cage for 5 min, 

and were then placed in the designated side chamber for 60 min. 4 hours later, mice received i.p. 

CNO (3 mg/kg; Tocris), were returned to their home cage for 5 min, and were placed into the 

CNO-designated chamber for 60 min. On test day (Day 7), mice could freely explore all chambers 

as their position was recorded as during pre-conditioning for 15 min (CPP) or 30 min (CPA). 

Difference scores were calculated as the time spent in the chamber on test day minus the time spent 

during pre-conditioning. 

 

            Neurolux testing: We tuned a single von Frey plexiglass chamber with opaque walls (15 

× 4 × 4 cm) on a raised wire mesh for optogenetic stimulation and thus ran one single animal at a 

time. Stimulation frequencies (0-20 Hz, 5 ms pulse width) were wirelessly controlled with a laptop 
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computer and pre-randomized for each animal to prevent a ramping effect. Upon blue light 

stimulation at an individual frequency, animals immediately underwent von Frey and acetone 

withdrawal testing as described above. 5 minutes of light-OFF were provided between each 

stimulation frequency. Optoelectronic device functionality was verified at the time of perfusion 

and tissue harvesting. 

 

            Hindpaw Brush for pERK: To determine the effect of vehicle or drug on pERK activation 

in the ipsilateral dorsal horn, a light-touch stimulation protocol was initiated 30 minutes after drug 

administration (intrathecal agents or i.p. CNO). As previously described (Fu et al., 2019), mice 

were anesthetized with isoflurane (5% induction, 2% maintenance) and the lateral surface of the 

left hindpaw was gently stroked in the longitudinal plane with a cotton tipped applicator for 3 

seconds of every 5 seconds, for 5 minutes. After an additional 5-minute wait time in their home 

cage, mice received an intraperitoneal injection of sodium pentobarbital (.100 mg/kg, 0.2 mL, 

Fatal-Plus) and were transcardially perfused. 

 

            Rotarod Motor Coordination Testing: To test for possible effects of spinal LED 

implantation on motor coordination, naive littermate control mice and mice with spinal LED 

implants were placed on an accelerating rotarod (Stoelting, Wood Dale, IL). The rotating bar was 

set to accelerate at a constant rate of 0.5 RPM every 5 seconds beginning at 2 RPM and maxing 

out at 60 RPM. Mice quickly learn to walk on the rotarod, reaching a plateau within several 

acceleration trials. Therefore, training trials were repeated until the average latency to fall was 

approximately 45 s. One day later, we tested the mice for 5 trials and averaged the results. 
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Immunohistochemistry 

            Mice received an intraperitoneal injection of sodium pentobarbital (.100 mg/kg, 0.2 mL, 

Fatal-Plus) and were transcardially perfused with ice-cold phosphate-buffered saline (PBS) 

followed by ice-cold fixative (10% phosphate-buffered formalin). The lumbar spinal cord and 

DRGs were removed by blunt dissection, postfixed overnight in 10% phosphate-buffered formalin, 

and then cryoprotected in 30% sucrose in 0.01-M PBS for several days until the tissue sank. 

Transverse spinal cord dorsal horn sections (30 µm) centered at L4 were cut on a freezing 

microtome and collected in antifreeze. L3-L5 dorsal root ganglion sections (12µm) were cut on a 

cryostat and direct mounted to Superfrost Plus slides. The sections were washed 3 times in PBS 

and then pretreated with blocking solution (3% normal goat serum and 0.3% Triton X-100 in PBS) 

for 1 hour. Sections were then incubated in blocking solution containing the primary antibodies 

overnight at room temperature on a slow rocker. The sections were washed 3 times in 1x PBS and 

then incubated in secondary antibodies (1:1000) for 60 minutes. Finally, sections were washed in 

1x PBS and then 0.01-M phosphate buffer without saline.  Spinal cord sections were then mounted 

onto Superfrost Plus slides, air-dried, and cover-slipped with Hard Set Antifade Mounting Medium 

with DAPI (VECTASHIELD). All images were captured on a Nikon Eclipse Ti2 microscope using 

a 20x objective (numerical aperture 0.45) and analyzed using NIS-Elements Advanced Research 

software. For the complete list of antibodies used see Table 3. 
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Table 3. List of Antibodies Used 
Anti-mCherry Invitrogen Cat: M11217 

Anti-CGRP Peninsula Laboratories Cat: T-5027 

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 

(D13.14.4E) XP® Rabbit mAb 

Cell Signaling 

Technology 

Cat: 4370 

Streptavidin, Alexa Fluor™ 568 conjugate Invitrogen Cat: S11226 

Anti-GFP abcam Cat: ab13970 

Anti-PKCγ Frontier Institute Cat: PKCg-

GP-Af350 

Alexa Fluor 488 Goat anti-Rabbit Invitrogen Cat: A11008 

Alexa Fluor 568 Goat anti-Rat Invitrogen Cat: A11077 

Alexa Fluor 488 Goat anti-Guinea Pig Invitrogen Cat: A11073 

Alexa Fluor 568 Goat anti-Guinea Pig Invitrogen Cat: A11075 
 
 
 

Fluorescence in situ Hybridization (FISH) (RNAscope)  

            Mice were transcardially perfused with ice cold 1x PBS followed by 10% buffered formalin 

and spinal cords and DRGs were extracted via blunt dissection, postfixed in 10% formalin (2-4 

hrs), and then placed in 30% sucrose at 4°C until the tissue sank (~48-72 hrs). 20μm thick L3-L4 

floating spinal cord sections were obtained on a vibrating microtome, and 12μm thick L3-L4 DRGs 

were cut on a cryostat and mounted on Superfrost Plus Microscope slides and air dried overnight 

at room temperature. Slides underwent pretreatment for fluorescence in situ hybridization 

consisting of 10 min Xylene bath, 4 min 100% ethanol bath, and 2 min RNAscope® H2O2 

treatment. Next, the FISH protocol for RNAscope Fluorescent v2 Assay (ACD) was followed for 

hybridization to marker probes. Slides were either then coverslipped with VECTASHIELD 

HardSet Antifade Mounting Medium with DAPI or proceeded to immunohistochemistry for GFP 

labeling. All images were captured on a Nikon Eclipse Ti2 microscope using a 20x or 40x objective 
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and analyzed using NIS-Elements Advanced Research software v5.02. Cells with at least 3 puncta 

associated with a DAPI nucleus were considered positive. For the complete list of RNAscope 

probes used see Table 4. 

 

Table 4. List of RNAscope Probes Used 
Npy1r probe ACD Cat: 427021 

Lmx1b probe ACD Cat: 412931 

Pax2 probe ACD Cat: 448981 

eGFP probe ACD Cat: 400281 

 

 

[35S]GTPγS binding 

            14 days post-SNI or sham surgery, the lumbar enlargement of the mouse spinal cord was 

dissected and snap-frozen in methyl butane. 50µm-thick sections were cut with a cryostat and 

mounted on gelatin-coated glass slides. Sections were equilibrated at room temperature for 10 min 

in assay buffer (30 mM MgCl2, 150 mM NaCl, 2.7 mM KCl, and 37.5 mM HEPES, pH 7.4) and 

for 15 min in 2 mM GDP. Agonist- stimulated binding was then performed with 2 mM GDP and 

0.1 nM [35S]GTPγS (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and one of four serial 

dilutions ranging from 45 nM to 45 µM [Leu31, Pro34]-NPY in water treated with a peptidase 

inhibitor cocktail containing 0.170 mg/ml bacitracin, 17 µg/ml leupeptin, 17 µg/ml chymostatin, 

and 0.850 mg/ml bovine serum albumin. Drug was omitted and replaced with either peptidase-

treated water for basal determinations or 10 µM unlabeled GTPγS water for nonspecific binding 

determinations. Slides were incubated at 37 °C for 45 min and then rinsed for 2 min twice with 

ice-cold 50 mM Tris–Cl, pH 7.4 and twice with deionized water at room temperature. Slides were 
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exposed to Kodak X-OMAT autoradiographic film (Sigma–Aldrich) for 18–24 hrs. Densitometric 

analysis of images was performed by measuring the mean density of pixels in the superficial 

laminae of the left and right lumbar dorsal horn and subtracting the mean dorsal column 

background value. Percent stimulation over basal was calculated using the following equation: 

 

[ (DH dose value - column dose value)- nonspecific binding
(DH basal value - column basal value)- nonspecific binding

] x 100 -100 

 

Electrophysiological Recordings/Biotin Labeling 

            Slice preparation for electrophysiology: As described previously (Sinha et al., 2021), mice 

were anesthetized with 5% isoflurane and perfused transcardially with 10 ml of ice-cold, sucrose-

containing artificial cerebrospinal fluid (aCSF) (sucrose-aCSF) that contained (in mM): KCl 2.5, 

KH2PO4 1.0, CaCl2 1, MgSO4 2.5, NaHCO3 26, glucose 11, sucrose 235, oxygenated with 95% 

O2, 5% CO2. The lumbar spinal cord was rapidly isolated by laminectomy, placed in oxygenated, 

ice-cold, sucrose-aCSF, cleaned of dura mater, and nerve roots were cut close to the cord. The 

spinal cord was immersed in low-melting-point agarose (3% in sucrose-aCSF; Life Technologies, 

Carlsbad, CA, USA) and parasagittal slices (300–450 µm) were cut in ice-cold, sucrose-aCSF from 

one lateral side to the other side using a vibrating microtome (7000smz-2; Campden Instruments, 

Lafayette, IN, USA). All slices were incubated for 15 min at room temperature in recovery solution 

that contained (in mM): n-methyl-d-glucamine (NMDG) 92, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, 

HEPES 20, glucose 25, sodium ascorbate 5, thiourea 2, sodium pyruvate 3, MgSO4 10, CaCl2 0.5 

pH 7.3 (HCl). The slices were then transferred to normal aCSF used for recording, which contained 

(in mM):  NaCl 126, KCl 2.5, NaH2PO4 1.25, CaCl2 2.0, MgSO4 1.0, NaHCO3 26, glucose 11, for 

an hour before beginning any experiment. 
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            Patch-clamp recordings: As described previously (Sinha et al., 2021), a parasagittal spinal 

cord slice was transferred to a fixed stage mounted under an upright microscope (Olympus BX51 

WI), where it was continuously superfused with oxygenated aCSF (see details in(Sinha et al., 

2021)). Recordings from neurons were obtained by identification of Y1eGFP-positive cell bodies 

with epifluorescent microscopy (Sinha et al., 2021). Recording pipettes (3-6 MΩ) containing (in 

mM): K-gluconate 135, NaCl 1, MgCl2 2, CaCl2 1, HEPES 5, EGTA 5, Mg-ATP 2 and Na4-GTP 

0.2, pH 7.3 (~300 mOsm/L). Patch-clamp recordings in current- and voltage-clamp modes were 

performed on SDH neurons using an Axon Instruments Multiclamp 700B amplifier (Molecular 

Devices). Signals were low-pass filtered at 4-20 kHz, amplified 1-20 fold, sampled at 5-10 kHz 

and analyzed offline using pClamp. Series resistance was less than 20 MΩ. No correction was 

made for the liquid junction potential (calculated value: -13.9 mV). Experimental data were 

recorded approximately 5-10 min after establishing whole-cell configuration. All recordings were 

performed at room temperature on neurons selected from the distinctive translucent band in the 

medial to mediolateral subdivisions of the SDH region, with a depth of roughly 20 to 100 µm 

representing Lamina II.   

 

            Firing during depolarizing ramp currents: Membrane excitability was quantified by 

examining discharge rates in response to ramp current commands. These were delivered from a 

set holding voltage of -60 mV at a ramp at 67 pA/s. Number of action potentials, latency to first 

action potential, initial and average spike frequency and action potential amplitudes were noted. 

Firing frequency (f) was calculated as the reciprocal of the interspike interval (ISI), rather than 

average of number of action potential over the duration of current steps, with algorithms written 
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in MATLAB. The latency to first action potential was measured from the onset of initiation of 

current ramp to the time of first spike peak. 

 

            Firing patterns during steady-state current injection recordings: Firing patterns were 

determined in response to a series of 3-9 depolarizing steady-state (constant step) current injections 

(1 s duration) that were delivered every 8 s in increasing steps of 20 pA in neurons held at -80 mV 

for 500 ms. We elicited firing from hyperpolarized condition to activate the putative partially 

inactive potassium channels responsible for delayed firing. 

 

            We identified four main firing patterns with the following characteristics: Delayed, Long 

Latency Firing (DLLF) neurons typically exhibit a clear delay of >180 ms (range, 180-850 ms) in 

action potential firing that lasts the duration of current injection,  Delayed, Short Latency Firing 

(DSLF) neurons exhibit a short depolarizing delay of 60-180 ms prior to firing the first action 

potential and mostly terminate before the end of current injection, Initial Burst Firing (IBF) 

neurons exhibit a short burst of two to four high frequency (~90 Hz) action potentials on top of a 

long-lasting (~200 ms) Ca2+ spike, owing to the presence of low-threshold Ca2+ currents, and 

Phasic Firing (PF) neurons exhibit several action potentials immediately after the onset of current 

injection but terminate before the end of the current pulse 

 

            Number of action potentials, latency to first action potential from onset of current injection, 

initial and average spike frequency and action potential amplitudes at all depolarizing current 

injections were obtained. Firing frequency (f) was also calculated as the reciprocal of the interspike 

interval (ISI).  
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            Rheobase: The current required to elicit an action potential threshold (rheobase) was 

measured by means of a current step protocol that was applied to neurons held at RMP, with 5 ms 

current steps applied in 2.5 pA increments until the appearance of an action potential.  

 

            Current-Voltage relationships: Current-voltage relationships were determined under 

voltage-clamp using a series of 250 ms voltage commands. Currents were measured just prior to 

the termination of each voltage pulse. 

 

            Spontaneous EPSC recordings: Spontaneous excitatory postsynaptic currents (sEPSCs) 

were recorded at -60 mV in aCSF. For each neuron, sEPSCs were recorded for a total of 3 min. 

Mini Analysis Program (Synaptosoft) was used to distinguish sEPSC from baseline noise. Initially 

spontaneous postsynaptic currents were detected automatically by setting appropriate amplitude 

and area threshold for each recording. Later, all detected events were re-examined and accepted or 

rejected based on subjective visual examination. Neurons were classified as silent if they failed to 

display one or more events during the 3-min sampling period and were omitted from the analysis. 

Cumulative probability plots were generated to compare the amplitude and inter-event interval in 

neurons from naive-operated animals and those subjected to SNI. Cumulative probability plots 

ranked individual amplitudes or interevent intervals in order of increasing size and then plotted 

this rank value against the amplitude or interevent interval. The Kolmogorov-Smirnov (KS) two-

sample test was used to compare distributions of amplitudes and interevent intervals. All accepted 

events from analyzed data were pooled from neurons separated according to firing patterns 

separated between naive and SNI animals. 
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            Neurobiotin Labeling: Following electrophysiological characterization, Npy1reGFP cells 

were filled with 0.2% neurobiotin added into the pipette solution for morphological classification. 

Small notches were cut in the ventral tissue at one end of the slice to mark the orientation of the 

parasagittal slice during recording, and the slice was preserved in 10% formalin at 4°C. 

Neurobiotin labeling was revealed with a fluorescent marker by means of floating section 

histochemistry.  Sections were rinsed 3 x 10 min in PBS, then incubated in PBS/0.3% Triton X-

100 with 1:1000 Streptavidin-Alexa568 for 2.5 hr at RT.  Sections were again rinsed with PBS 3 

x 10 min, then rinsed in 0.01 M PB 2 x 10 min. Sections were then mounted on microscope slides 

and allowed to dry, then coverslipped with Prolong Glass mounting media. Neurobiotin-labeled 

cells were imaged using a Nikon Eclipse Ti2 epifluorescence microscope and/or a Nikon A1R 

Spectral confocal microscope housed in the Center for Biologic Imaging, University of Pittsburgh, 

Pittsburgh, PA). 

 

            Morphological classification: In concordance with the methods of Grudt and Perl (Grudt 

and Perl, 2002), we classified the morphology of Npy1reGFP cells in the dorsal horn based on 

characteristics of dendritic arborization.  Vertical cells generally have multiple dendrites oriented 

toward the ventral spinal cord, but little or no dendritic arborization in the dorsal direction. 

Notably, the vertical-like morphologies we noted in this study had small dorsal-ventral dendritic 

branching (~50 µm) in comparison to the vertical cells noted by Grudt and Perl (~185 µm) and 

thus might represent a unique morphological class of dorsal horn interneurons. Radial cells extend 

multiple dendrites from the cell body in any direction, which spread a short distance from the cell.   

Central cells extend one or two dendrites from each end of the cell oriented in parallel fashion with 



 112 

the dorsal surface of the spinal cord, with the dendrites often spreading greater distances than in 

the vertical and radial cell types. 

 

Blinding procedures 

            In all experiments rigorous experimenter blinding was employed to promote research 

reproducibility. The experimenter was blinded to drug treatments in all behavioral pharmacology 

experiments as intrathecal injections were performed by a laboratory colleague thus providing 

complete anonymity of agent for each animal. For viral experiments a laboratory mate color-coded 

the tubes for the experimenter. The key for coding was kept hidden in a notebook until the 

completion of all experiments. The experimenter then obtained the key for data analysis. pERK 

and spontaneous animal behavior quantification were performed with complete anonymity of 

animal IDs/treatment. 

 

Statistical Analyses  

            All data are presented as means ± SEM. Statistical significance was determined as *P < 

0.05. Statistical tests were the Student’s t test (paired and unpaired), χ2 test, Kolmogorov-Smirnov 

test, one- way analysis of variance (ANOVA), two-way repeated-measures ANOVA, and three-

way repeated measures ANOVA followed by post hoc tests as appropriate. All statistical analyses 

were performed in GraphPad Prism 9.0 and SigmaPlot 12.0. 
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3.3 Results 

3.3.1 Nerve injury increases the efficiency of coupling between NPY Y1 receptors and G-
proteins. 

            A multitude of G protein-coupled receptors (GPCRs) have been targeted for the 

development of new analgesic drugs (Che, 2021; Geppetti et al., 2015). However, peripheral injury 

can alter both the efficacy and potency of GPCR-agonist interactions (Bantel et al., 2002; Chen et 

al., 2002; Kohno et al., 2005; Taylor et al., 2014; Winter and McCarson, 2005). To determine 

whether nerve injury changes NPY-Y1-G protein signaling, we assessed guanosine-5′-O-(3-

[35S]thio)triphosphate ([35S]GTPγS) binding in lumbar spinal cord slices 14 days after spared nerve 

injury (SNI), a common animal model of neuropathic pain (Figure 15A), or sham surgery. SNI 

has both a development phase (1-7 days post-SNI) and a maintenance phase (8-14 days post-SNI) 

(Richner et al., 2011); therefore, we performed our studies at the well-established 14 day post-SNI 

chronic timepoint (Inquimbert et al., 2018; Liu et al., 2018; Solway et al., 2011) to provide 

evidence for the relevance of Y1 as a potential therapeutic target in the context of established 

neuropathic pain. As illustrated in Figure 15B-D and Figure 16, the NPY Y1 receptor-selective 

agonist, [Leu31, Pro34]-NPY, increased [35S]GTPγS binding with a maximum physiological effect 

(Emax) and effective concentration (EC50) of 37.90 ± 1.32% and 2.80 ± 0.31 nM in the left dorsal 

horn and 37.40 ± 1.33% and 2.87 ± 0.32 nM in the right dorsal horn of sham-14d mice. In SNI-

14d mice, the EC50 of [Leu31, Pro34]-NPY was reduced in the left (ipsilateral to injury, 1.84 ± 0.23 

nM) but not right (contralateral, 2.56 ± 0.57 nM) dorsal horn compared to sham surgery, 

respectively. SNI did not change [Leu31, Pro34]-NPY-stimulated Emax in the ipsilateral (40.16 ± 

1.91%) or contralateral (41.28 ± 2.81%) dorsal horns compared to sham surgery (Figure 15C-D). 

These EC50 data indicate that Y1 not only retains its G protein activation capacity in the setting of 
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nerve injury, but also that nerve injury increases the efficiency of coupling between NPY Y1 

receptors and G-proteins, possibly to increase the analgesic potential of NPY-Y1 selective agonists 

at the dorsal horn. 
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Figure 15. Intrathecal administration of a Y1 agonist alleviates behavioral and immunohistochemical 

markers of SNI-induced neuropathic nociception. 

(A) Schematic representation of the spared nerve injury (SNI) model of neuropathic pain. (B) Representative 

pseudo-color images of [35S]GTPγS binding quantitative autoradiography in mouse spinal cord sections. Binding 

assays were performed in the absence (basal) or presence of 45 µM [Leu31, Pro34]-NPY in sections obtained from 

mice given sham surgery (nerve exposure but no ligation) or SNI 14 days before the experiment. (C) SNI did not 

change the Emax of [Leu31, Pro34]-NPY-stimulated [35S]GTPγS binding (n=5-10 animals/group). Student’s unpaired 

two-tailed t test. (D) SNI reduces the EC50 of [Leu31, Pro34]-NPY-stimulated [35S]GTPγS binding in the ipsilateral 

(left) dorsal horn (n=5-10 animals/group). Student’s unpaired two-tailed t test. (E) Experimental timeline for SNI, 

intrathecal pharmacology, and evoked/reflexive mechanical (von Frey) and cold (acetone droplet withdrawal) 

behavioral testing. (F-G) Intrathecally administered [Leu31, Pro34]-NPY (0.1 µg, 1.0 µg, or 10.0 µg) dose-

dependently reduces SNI-induced mechanical and cold allodynia (n=8-13 mice/group). Two-way RM ANOVA. 

Holm-Sidak post hoc test. (H-I) The Y1 (BIBO 3304, 10.0 µg) but not Y2 receptor (BIIE 0246, 5.0 µg) antagonist 

abolishes Y1 agonist-induced ([Leu31, Pro34]-NPY, 10.0 µg) mechanical and cold anti-allodynia (n=4-11 
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mice/group). Two-way RM ANOVA. Holm-Sidak post hoc test. (J-K) Intrathecally administered [Leu31, Pro34]-

NPY (10.0 µg) can repeatedly abolish SNI-induced mechanical and cold allodynia during the maintenance phase of 

neuropathic pain (n=6-8 mice/group). Two-way RM ANOVA. Holm-Sidak post hoc test. (L) Experimental timeline 

for SNI, intrathecal pharmacology, light brush of the lateral hindpaw, and immunohistochemical staining for pERK 

immunoreactivity in the lumbar dorsal horn. (M-P) Representative images of ipsilateral dorsal horn light-touched 

evoked pERK immunoreactivity after intrathecal administration of agents. (Q) Intrathecally administered [Leu31, 

Pro34]-NPY (10.0 µg) reduces light-touched evoked pERK immunoreactivity in the ipsilateral dorsal horn and this 

effect is abolished with coadministration of the Y1 antagonist, BIBO 3304 (10.0 µg) (n=4-6 mice/group). Two-way 

ANOVA. Holm-Sidak post hoc test. Data are shown as means ± SEM. *p < 0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Dots represent data points from individual animals. (*[35S]GTPγS binding assays were performed by 

Drs. Michelle K. Winters and Ken E. McCarson) 
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Figure 16. [35S]GTPγS binding stimulated by the Y1 receptor agonist [Leu31,Pro34]-NPY in lumbar spinal 

cord sections of sham and SNI mice. 

Concentration responses of [Leu31, Pro34]-NPY-stimulated [35S]GTPγS binding in right and left dorsal horn of 

lumbar spinal cords from left leg SNI and sham animals (n=5-10 animals/group). (*[35S]GTPγS binding assays were 

performed by Drs. Michelle K. Winters and Ken E. McCarson) 
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3.3.2 A Y1 selective agonist acts at dorsal horn interneurons, rather than the central 
terminals of primary afferent neurons, to inhibit mechanical and cold allodynia. 

 
            Intrathecal administration of NPY Y1 selective agonists attenuate dorsal horn neuron 

activation and neuropathic allodynia (Intondi et al., 2008; Kuphal et al., 2008; Malet et al., 2017). 

However, NPY Y1 receptors are expressed on both excitatory interneurons in the DH and on the 

central terminals of primary afferent neurons arising from the dorsal root ganglion (DRG) 

(Brumovsky et al., 2007, 2006; Nelson and Taylor, 2021; Taylor et al., 2014). To resolve the 

specific site of antihyperalgesic action by intrathecal Y1 agonists, we first extended previous 

results in the rat (Intondi et al., 2008; Malet et al., 2017), to our mouse SNI model of peripheral 

nerve injury. 14 days after SNI, rodents exhibit long-lasting mechanical and cold hypersensitivity 

in the sural innervation territory of the afflicted hindpaw (lateral surface) (Challa, 2015; Decosterd 

and Woolf, 2000; Intondi et al., 2008; Nelson et al., 2019). At this time point, intrathecal 

administration of [Leu31, Pro34]-NPY (Figure 15E) dose dependently reduced both SNI-induced 

mechanical and cold hypersensitivity in male and female mice (Figure 15F-G). These 

antihyperalgesic effects were abolished with co-administration of the Y1 receptor antagonist, 

BIBO 3304, but not the Y2 receptor antagonist, BIIE 0246 (Figure 15H-I), suggesting on-target 

agonist binding at the Y1 receptor. Additionally, we found that intrathecal administration of 

[Leu31, Pro34]-NPY could repeatedly abolish SNI-induced allodynia long after the induction of 

nerve injury (Figure 15J-K). [Leu31, Pro34]-NPY also reduced light touch-evoked expression of 

phosphorylated extracellular signal-regulated kinase (pERK) in superficial dorsal horn neurons, a 

proxy for neuronal activation (Gao and Ji, 2009); this effect was abolished with co-administration 

of BIBO 3304 (Figure 15L-Q). These results indicate that Y1 agonism at the spinal cord potently 

inhibits behavioral and immunohistochemical markers of neuropathic pain in mice. 
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            Next,  we crossed Npy1rloxP/loxP mice (Howell et al., 2003) with either PirtCre  (Kim et al., 

2016) or Lbx1Cre mice (Müller et al., 2002) to selectively knockout Npy1r in the DRG, or DH, 

respectively (Figure 17A-B). [Leu31, Pro34]-NPY reduced SNI-induced mechanical and cold 

hypersensitivity in both control (Npy1rloxP/loxP) and DRG conditional knockout mice 

(Npy1rloxP/loxP;PirtCre), but not in DH conditional knockout mice (Npy1rloxP/loxP;Lbx1Cre) (Figure 

17C-D). These results indicate that intrathecal NPY Y1 agonists act at spinal cord interneurons 

rather than the peripheral terminals of DRG neurons to inhibit behavioral signs of neuropathic 

pain. 

 
Figure 17. Y1 selective agonist acts at spinal cord interneurons rather than the central terminals of primary 

afferent neurons to inhibit SNI-induced neuropathic pain. 
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(A) Fluorescence in situ hybridization of sections through DRG (top row) and dorsal horn of the spinal cord (bottom 

row) demonstrate that Npy1rloxP/loxP mice express Npy1r in DRG and spinal cord, Npy1rloxP/loxP;PirtCre mice lack 

expression of Npy1r in the DRG, and Npy1rloxP/loxP;Lbx1Cre mice lack expression of Npy1r in the dorsal horn of the 

spinal cord. (B) Quantification of Npy1r-expressing cells in L3-L4 DRGs and superficial L4 DH of Npy1rloxP/loxP, 

Npy1rloxP/loxP;PirtCre, and Npy1rloxP/loxP;Lbx1Cre mice in comparison to Npy1rloxP/loxP expression. (C) [Leu31, Pro34]-

NPY (10.0 µg) abolishes SNI-induced mechanical allodynia in Npy1rloxP/loxP and Npy1rloxP/loxP;PirtCre mice but not in 

Npy1rloxP/loxP;Lbx1Cre mice (n=9 mice/group). Three-way RM ANOVA. Holm-Sidak post hoc test. (D) Leu31, Pro34]-

NPY (10.0 µg) abolishes SNI-induced cold allodynia in Npy1rloxP/loxP and Npy1rloxP/loxP;PirtCre mice but not in 

Npy1rloxP/loxP;Lbx1Cre mice (n=9 mice/group). Three-way RM ANOVA. Holm-Sidak post hoc test. Data are shown as 

means ± SEM. *p < 0.05, **p<0.01, ****p<0.0001. Dots represent data points from individual animals. 

 
 

3.3.3 Y1-INs are necessary for the sensory and affective components of SNI-induced 
neuropathic pain. 

            Our conditional genetic knockout of peripheral and central Npy1r data indicate that Y1 

receptor agonists act at spinal cord interneurons (Y1-INs) to inhibit SNI-induced neuropathic 

mechanical and cold hypersensitivities. To directly test the hypothesis that Y1-INs are necessary 

for the full manifestation of SNI-induced hyperalgesia, we used intraspinal inhibitory 

chemogenetics to inhibit the adult spinal Y1-IN population. We injected a Cre-dependent 

inhibitory DREADD (AAV8-hSyn-DIO-hM4DGi) into the left lumbar (targeting L3-L4) dorsal 

horn of Npy1rCre mice (Figure 18A). As described previously (Inquimbert et al., 2018; Peirs et al., 

2015), the AAV8-hSyn serotype selectively transfected neurons in the spinal cord but not DRG 

(Figure 19). Immunohistochemical verification of AAV expression was detected ipsilateral to 

viral injection (left but not right DH) and dorsal to the PKCγ band that delineates lamina IIi, 

indicating that its expression was restricted to the superficial dorsal horn (laminae I-IIo) (Figure 



 121 

18B). When administered after SNI (but not before), clozapine N-oxide (CNO 3 mg/kg, i.p.) 

abolished both mechanical and cold hypersensitivity (Figure 18C-G) and reduced light-touch 

evoked pERK in the superficial dorsal horn (Figure 18H-I). We selected the 3 mg/kg dose of CNO 

as this is the lowest suggested dose that enters the CSF to be a suitable DREADD agonist within 

15 min of administration while not producing off target effects (Jendryka et al., 2019); additionally, 

this is a commonly utilized dose for spinal cord chemogenetics (Kiguchi et al., 2021; Petitjean et 

al., 2015). Further, we used the critical control animals that have the same genetic background 

(Npy1rCre) and received an injection of a control AAV encoding only a fluorescent tag without 

DREADDs (mCherry). This control is critical for chemogenetics experiments to assess potential 

nonspecific effects of the designer ligand.(Vlasov et al., 2018). In addition to stimulus-evoked 

features of pain such as allodynia, nerve injury also elicits stimulus-independent ongoing affective 

pain which can be assessed with conditioned place preference (CPP) paradigms (Navratilova et 

al., 2013). Following SNI and conditioning, mice injected with inhibitory DREADD (hM4DGi) but 

not control virus (mCherry) spent more time in the CNO-paired chamber (Figure 18J-K). These 

findings indicate that chemogenetic inhibition of spinal Y1-INs reduces stimulus-dependent and -

independent components of neuropathic pain. 
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Figure 18. Chemogenetic inhibition of spinal Y1-INs reduces behavioral and immunohistochemical markers 

of SNI-induced reflexive and affective pain. 

(A) Strategy for selectively targeting Y1-INs in Npy1rCre mice with intraspinal injections of the Cre-dependent virus 

AAV8-hSyn-DIO-hM4DGi-mCherry. (B) Representative IHC image of the spatial distribution of AAV-hM4DGi-

mCherry neurons (red) that is largely restricted to the ipsilateral (left) superficial dorsal horn (laminae I-IIo) and 

dorsal to the PKCγ band (green). DAPI (blue). (C) Experimental timeline of chemogenetic reflexive behavioral 

testing at both pre- and post-SNI timepoints. (D-G) Chemogenetic inhibition of Y1-INs with CNO (3 mg/kg) does 

not alter mechanical or cold withdrawal thresholds before SNI but dramatically reduces both SNI-induced 

mechanical and cold allodynia (n=7 mice/group). Two-way ANOVA. Holm-Sidak post hoc tests. (H) 

Representative images of light-touched evoked pERK in the spinal cord dorsal horn following intraperitoneal 

administration of CNO (3 mg/kg). Scale bars: 100 µm. (I) Chemogenetic inhibition of Y1-INs with CNO (3 mg/kg) 

reduces light-touched evoked pERK in SNI mice (n=7 mice/group). Student’s unpaired two-tailed t test. (J) Protocol 

for conditioned place preference. (K) Chemogenetic inhibition of Y1-INs induces CPP (increased time in the CNO-

paired chamber) in SNI mice (n=10-11 mice/group). Student’s unpaired two-tailed t test. Data are shown as means ± 

SEM. *p < 0.05, ***p<0.001, ****p<0.0001. Dots represent data points from individual animals. 
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Figure 19. Intraspinal administration of AAV8-hSyn-DIO-mCitrine into Npy1rCre mice selectively transfects 

Npy1r-expressing cells in the superficial dorsal horn and not primary afferent cells. 

(A) AAV8-hSyn-DIO-mCitrine was injected into the left spinal cord dorsal horn of Npy1rCre mice and infected 

superficial cells (green) in the ipsilateral (left) but not contralateral (right) dorsal horn. Post-fixation 

immunohistochemistry for GFP was utilized to visualize mCitrine fluorescence expression. (B) We did not detect 

any virally infected (GFP-positive) cells in ipsilateral (left) lumbar DRGs. Further, ~100% of Npy1r-expressing 

primary afferent neurons co-express calcitonin gene-related peptide (CGRP) (Brumovsky et al., 2007). For this 

reason, we co-stained all DRG’s for both GFP and CGRP and despite the high prevalence of CGRP-positive cells, 

we failed to detect a single virally infected primary afferent neuron. (C) Dual-label fluorescence in situ hybridization 

for Npy1r (red) and eGFP (green) shows that all eGFP cells infected by AAV8-hSyn-DIO-mCitrine were Npy1r-

positive. Scale bar 10 µm. 
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3.3.4 Nerve injury depolarizes the resting membrane potential and increases the 
excitability of delayed firing Y1-INs. 

3.3.4.1 Neurochemical, neurophysiological, and morphological characterization of Y1-INs. 

            Spinal cord dorsal horn neurons are classified by neurochemical gene / protein expression, 

neurophysiological firing pattern, and/or cellular morphology (Peirs et al., 2020; Todd, 2017). 

Using these criteria, we characterized Y1-INs in lumbar (L3-L4) sections obtained from BAC 

transgenic mice that express enhanced green fluorescent protein (eGFP) under the control of the 

Npy1r promoter (Npy1reGFP). First, we investigated the neurochemical identity of Y1-INs with 

fluorescence in situ hybridization. Consistent with our previous results in the rat (Nelson et al., 

2019; Nelson and Taylor, 2021), we found that almost all Npy1reGFP neurons co-express 

neurochemical markers of excitatory (Lmx1b) but not inhibitory (Pax2) neurons (Cheng et al., 

2005; Del Barrio et al., 2013; Hernandez-Miranda et al., 2017; Szabo et al., 2015); for the first 

time we show that this was not altered by nerve injury (Figure 20). Second, we characterized 

superficial DH Npy1reGFP neurons using ex vivo slice electrophysiology recordings to evaluate the 

firing patterns evoked by steady-state current injection as described previously (Sinha et al., 2021) 

(Figure 21A). We identified four main firing patterns in Npy1reGFP neurons: Delayed Long 

Latency Firing (DLLF) neurons, Delayed Short Latency Firing (DSLF) neurons, Initial Burst 

Firing (IBF) neurons, and Phasic Firing (PF) neurons (Figure 21B-C). Third, with respect to each 

firing pattern, we used neurobiotin labeling and confocal imaging to characterize the cellular 

morphology of Y1-INs as described by Grudt and Perl (Grudt and Perl, 2002). As illustrated in 

Figure 21D-E, most Y1-INs, and particularly the DSLF and IBF firing types, exhibited a 

morphology similar to the central cells described by Grudt and Perl. In summary, most Y1-INs are 

excitatory neurons that exhibit a DSLF firing pattern and a central cell morphology. 
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Figure 20. SNI does not alter the proportion of superficial dorsal horn Y1eGFP neurons that are excitatory or 

inhibitory. 

(A) Representative colocalization of Y1eGFP immunohistochemistry combined with fluorescence in situ hybridization 

for the postnatal excitatory marker Lmx1b. Arrows indicate colocalization of Y1eGFP and Lmx1b. (B) Nearly all 

superficial Y1eGFP neurons express mRNA for the postnatal excitatory marker Lmx1b and this is not altered by SNI. 

(n= 3 mice/group). Student’s unpaired two-tailed t test. (C) Representative colocalization of Y1eGFP 

immunohistochemistry combined with fluorescence in situ hybridization for the postnatal inhibitory marker Pax2. 

(D) Almost no Y1eGFP neurons express mRNA for the postnatal inhibitory marker Pax2 and this is not altered by 

SNI. (n= 3 mice/group). Student’s unpaired two-tailed t test. (E) A table detailing the quantification from sham and 

SNI mice shown above (4 sections averaged per mouse). Data are shown as means ± SEM. Images in panels 2-4 

represent boxed area. Scale bars = 100 µm and 10 µm for zoomed images. (*Quantification was performed by Dr. 

Pranav Prasoon) 
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Figure 21. Electrophysiological and Morphological Characterization of Y1-INs. 

(A) Schematic illustration of para-sagittal slices from the L3/L4 segment of adult mice that were used for 

electrophysiological recordings in Npy1reGFP neurons. (B) Representative examples and (C) incidence of firing 

patterns in Npy1reGFP neurons (delayed long latency firing, DLLF; delayed short latency firing, DSLF; initial burst 

firing, IBF; or phasic firing, PF) (n=100 neurons from 36 mice). (D) Representative examples of biotin filled 

Npy1reGFP neuron morphologies. Scale bars: 50µm. (E) Quantification of morphology incidence within each 

electrophysiological firing pattern (DLLF (n=15 cells); DSLF (n=13 cells); IBF (n=9 cells); and PF (n=11 cells)). 

(F) Nerve injury did not change the incidence of firing patterns in Npy1reGFP neurons (n= 100 sham neurons and 

n=100 SNI neurons). χ2 Test. (G) Nerve injury produces a depolarizing shift in the resting membrane potential in 
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DSLF Npy1reGFP neurons (DLLF (n=10-13); DSLF (n=28-33); IBF (n=4-7); and PF (n=4-7)). χ2 Test. (H) Nerve 

injury did not change the membrane capacitance of any Npy1reGFP neuron firing types (DLLF (n=14-19 neurons), 

DSLF (n=41-45 neurons); IBF (n=4-15 neurons), and PF (n=4-15 neurons)). χ2 Test. (I-L) Nerve injury did not 

change current-voltage (I-V) plots for any Npy1reGFP neuron firing types (DLLF (n=7-11 neurons); DSLF (n=15-23 

neurons), IBF (n=4-12 neurons); and PF (n=8-11 neurons)). Two-way ANOVA. Data are shown as means ± SEM. 

*p < 0.05. (*All slice electrophysiology recordings were performed by Dr. Ghanshyam Sinha, and Biotin 

Morphological rendering was performed by Dr. Peter Jukkola) 
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3.3.4.2 Effect of nerve injury on firing type and passive membrane properties 

            The response properties of DH neurons are shaped by their passive biophysical membrane 

properties (Dougherty and Chen, 2016). Interestingly, peripheral nerve injury modestly affects or 

does not alter the passive membrane properties of randomly sampled interneurons in the rat or 

GABAergic interneurons in the mouse dorsal horns (Balasubramanyan et al., 2006; Boyle et al., 

2019; Chen et al., 2009; Lu et al., 2009, 2013; Schoffnegger et al., 2006; Zhang et al., 2018). For 

this reason, we hypothesized that SNI would not alter the passive membrane properties of Y1-INs. 

To test this, we conducted ex vivo slice electrophysiology recordings in both naïve and SNI 

Npy1reGFP mice. As hypothesized, SNI did not change the percentages of DSLF, DLLF, IBF or PF 

Y1-IN firing patterns (Figure 21F). To our surprise, SNI produced a depolarizing shift of the 

resting membrane potential for specifically DSLF neurons (Figure 21G), though did not alter 

membrane capacitance (Figure 21H) nor the current–voltage (I–V) relations (Figure 21I-L) in 

any Npy1reGFP firing populations. In summary, a more positive resting membrane potential in 

DSLF neurons indicates that SNI increases intrinsic excitability, a key feature of central 

sensitization (Latremoliere and Woolf, 2009). 

 

3.3.4.3 Effect of nerve injury on active membrane properties 

            Peripheral nerve injury can enhance the membrane excitability of dorsal horn neurons 

(Latremoliere and Woolf, 2009).  To test the hypothesis that SNI increases the membrane 

excitability of Y1-INs, we employed depolarizing current ramps to elicit action potential firing 

(Balasubramanyan et al., 2006; Chen et al., 2009). We focused our analysis on the DSLF subtype 

for two reasons: 1) DSLF neurons were the only population found to have a depolarizing shift in 

resting membrane potential after SNI (Figure 21G), and 2) the DSLF population is the most 
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abundant population of Y1-INs when segregated by firing type (Figure 21F). Neurons were held 

at -60 mV and current ramps were applied at 67 pA/s (Figure 22A). SNI did not change the number 

of action potentials in DSLF neurons but decreased the latency to first action potential (Figure 

22B-C). We then examined the effect of SNI on membrane excitability in DSLF Npy1reGFP neurons 

using stepped depolarization from hyperpolarized conditions. All DSLF Y1-INs were held at -80 

to -85 mV for 500 msec before application of current. Steady-state 1-second, current steps from 0 

to 80 pA were used to elicit action potentials. Representative firing patterns in DSLF Npy1reGFP 

neurons from SNI mice are shown in Figure 22D. SNI increased the number of action potentials 

per step during the 1 second pulse in DSLF Y1-INs (Figure 22E), decreased the current threshold 

needed to elicit first action potentials (Figure 22F), increased the number of neurons exhibiting 

rebound spiking (action potential spike at 0 pA from conditioning hyperpolarized state is used to 

measure rebound spiking) (Figure 22G), and increased the average firing frequency (but not 

amplitude) at current injecting steps to 40 pA (Figure 22H-I). We also found that SNI robustly 

increased the membrane excitability of DLLF neurons (Figure 23). We conclude that SNI 

increases the membrane excitability of delayed firing Y1-INs. 
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Figure 22. SNI increases the excitability of DSLF Y1-INs in the superficial dorsal horn. 

(A) Representative example of a DSLF Npy1reGFP neuron firing pattern upon injection of ramped current at 67 pA/s. 

(B) SNI did not alter the number of action potential spikes (C) but decreased the latency to first spike elicited by 

ramp current in DLSF Npy1reGFP neurons (n= 11-13 neurons). Student’s unpaired two-tailed t test. (D) 

Representative example of a DSLF Npy1reGFP neuron held at hyperpolarized condition (-80 mV) for 500 msec 

before application of steady-state 1 second current steps from 0 to 40 pA. SNI (E) increased the number of action 

potential spikes at current injection steps, (F) lowered the Rheobase, (G) increased the percentage of neurons 

exhibiting rebound spiking, and increased (H) firing frequency but (I) not amplitude in DLSF Npy1reGFP neurons 

(n=10-33 neurons). Student’s unpaired two-tailed t test. Cumulative distribution plots (left) and group data (right) 

show SNI increases the (J) average amplitude and (K) frequency of sEPSCs in DSLF Npy1reGFP neurons (n= 16 

neurons/group). Kolmogorov-Smirnov test and Student’s unpaired two-tailed t test. Data are shown as means ± 

SEM. *p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Dots represent data points or averages from individual 

cells. (*All slice electrophysiology recordings were performed by Dr. Ghanshyam Sinha) 
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Figure 23. SNI increases the excitability of DLLF Y1-INs in the superficial dorsal horn. 

(A) Representative example of a DLLF Npy1reGFP neuron firing pattern upon injection of ramped current at 67 pA/s. 

SNI (B) increased the number of action potential spikes (C) and decreased the latency to first spike elicited by ramp 

current in DLLF Npy1reGFP neurons (n= 8-16 neurons). Student’s unpaired two-tailed t test. (D) Representative 

example of a DLLF Npy1reGFP neuron held at hyperpolarized condition (-85 mV) for 500 msec before application of 

steady-state 1 second current steps from 40 to 80 pA. SNI (E) increased the number of action potential spikes at 

current injection steps, (F) lowered the Rheobase, (G) but did not alter the firing frequency or (H) amplitude in 

DLLF Npy1reGFP neurons (n=10-16 neurons). Student’s unpaired two-tailed t test. Cumulative distribution plots 

(left) and group data (right) show SNI slightly increases the (I) average amplitude but (J) does not alter the 

frequency of sEPSCs in DLLF Npy1reGFP neurons (n= 11-12 neurons/group). Kolmogorov-Smirnov test and 

Student’s unpaired two-tailed t test. Data are shown as means ± SEM. *p < 0.05. Dots represent data points or 

averages from individual cells. (*All slice electrophysiology recordings were performed by Dr. Ghanshyam Sinha) 
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3.3.4.4 Effect of nerve injury on synaptic excitability 

            Peripheral nerve injury dramatically enhances the spontaneous excitatory synaptic activity 

of excitatory DH neurons (Balasubramanyan et al., 2006; Chen et al., 2009; Inquimbert et al., 

2012). To assess changes in excitatory synaptic transmission in Y1-INs, we recorded spontaneous 

excitatory post-synaptic currents (sEPSCs) from both naïve and SNI Npy1reGFP mice, with the 

assumption that changes in amplitude and frequency will be attributed to postsynaptic and 

presynaptic adaptations (Balasubramanyan et al., 2006; Chen et al., 2009), respectively. However, 

since we recorded sEPSCs and not mEPSCs in the presence of tetrodotoxin, there is the chance of 

action potential-driven activity and therefore, amplitude changes could also reflect presynaptic 

release activity. We found that SNI increased both amplitude and frequency (decrease in inter-

event interval, IEI) of sEPSCs (Figure 22 J-K, Figures 24-25), suggesting that both pre- and 

postsynaptic adaptations contribute to an increased excitatory drive in DSLF, IBF and PF Y1-INs. 

 

 

  



 133 

 

Figure 24. SNI increases the synaptic excitability of IBF Y1-INs in the superficial dorsal horn. 

(A) Representative example of an IBF Npy1reGFP neuron firing pattern upon injection of ramped current at 67 pA/s. 

SNI (B) decreased the number of action potential spikes (C) and increased the latency to first spike elicited by ramp 

current in IBF Npy1reGFP neurons (n= 8-15 neurons). Student’s unpaired two-tailed t test. (D) Representative 

example of an IBF Npy1reGFP neuron held at hyperpolarized condition (-80 mV) for 500 msec before application of 

steady-state 1 second current steps from 0 to 40 pA. SNI (E) did not alter the number of action potential spikes at 

current injection steps, or affect (F) the Rheobase, (G) firing frequency, or (H) amplitude in IBF Npy1reGFP neurons 

(n=6-11 neurons). Student’s unpaired two-tailed t test. Cumulative distribution plots (left) and group data (right) 

show SNI increased both the (I) average amplitude and (J) the frequency of sEPSCs in IBF Npy1reGFP neurons (n= 

8-9 neurons/group). Kolmogorov-Smirnov test and Student’s unpaired two-tailed t test. Data are shown as means ± 

SEM. *p < 0.05, **p<0.01. Dots represent data points or averages from individual cells. (*All slice 

electrophysiology recordings were performed by Dr. Ghanshyam Sinha) 
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Figure 25. SNI increases the synaptic excitability of PF Y1-INs in the superficial dorsal horn. 

(A) Representative example of a PF Npy1reGFP neuron firing pattern upon injection of ramped current at 67 pA/s. 

SNI did not affect the (B) number of action potential spikes or the (C) latency to first spike elicited by ramp current 

in PF Npy1reGFP neurons (n= 9-15 neurons). Student’s unpaired two-tailed t test. (D) Representative example of a PF 

Npy1reGFP neuron held at hyperpolarized condition (-85 mV) for 500 msec before application of steady-state 1 

second current steps from 20 to 60 pA. SNI (E) did not alter the number of action potential spikes at current 

injection steps, or affect (F) the Rheobase, (G) firing frequency, or (H) amplitude in PF Npy1reGFP neurons (n=6-14 

neurons). Student’s unpaired two-tailed t test. Cumulative distribution plots (left) and group data (right) show SNI 

increased both the (I) average amplitude and (J) the frequency of sEPSCs in PF Npy1reGFP neurons (n= 9 

neurons/group). Kolmogorov-Smirnov test and Student’s unpaired two-tailed t test. Data are shown as means ± 

SEM. *p < 0.05, **p<0.01, ***p<0.001. Dots represent data points or averages from individual cells. (*All slice 

electrophysiology recordings were performed by Dr. Ghanshyam Sinha) 
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3.3.5 Spinal Y1-INs are sufficient for the behavioral manifestations of pain. 

            Our intrathecal pharmacology (Figures 15 and 17) and inhibitory chemogenetic data 

(Figure 18) indicate that spinal Y1-INs are necessary for the full manifestation of the behavioral 

symptoms of neuropathic pain. To test the hypothesis that activation of Y1-INs is sufficient to 

induce pain, we chemogenetically activated Y1-INs and measured both evoked and non-evoked 

pain-like behaviors in uninjured mice. We injected a Cre-dependent excitatory DREADD (AAV8-

hSyn-DIO-hM3DGq) into the left lumbar dorsal horn of Npy1rCre mice (Figure 26A), and we 

measured both CNO-elicited spontaneous and evoked pain-like behaviors (Albisetti et al., 2019) 

(Figure 26B). CNO (3 mg/kg, i.p.), but not saline, induced robust spontaneous nocifensive (lifting, 

flapping, shaking, licking, guarding) but not itch-like (biting or scratching) behaviors directed to 

the left ipsilateral hind limb in mice injected with the excitatory DREADD (hM3DGq) but not 

control (mCherry) virus (Figure 26C-D). CNO also elicited both mechanical and thermal 

hypersensitivities (Figure 26E-H). Next, we tested the hypothesis that chemogenetic activation of 

Y1-INs is sufficient to produce avoidance using a conditioned place aversion paradigm (CPA) 

(Figure 26I). We found that chemogenetic Y1-IN activation produced a robust CPA (Figure 26J-

K). 
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Figure 26. Activation of spinal Y1-INs in uninjured mice is sufficient to induce behavioral nocifensive 

symptoms correlative of neuropathic pain. 

(A) Strategy for selectively targeting Y1-INs in Npy1rCre mice with intraspinal injections of the Cre-dependent virus 

AAV8-hSyn-DIO-hM3DGq-mCitrine. (B) Experimental timeline for chemogenetic activation of Y1-INs with CNO 
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(3 mg/kg) and videoing spontaneous hind left-limb directed nocifensive behaviors. (C) Representative example 

images of mice engaged in ipsilateral hindpaw-specific nocifensive behaviors. (D) CNO (3 mg/kg) but not saline 

induces spontaneous ipsilateral-directed (hind left paw) nocifensive behaviors (lifting, licking, flapping, shaking) in 

hM3D(Gq)- but not mCherry-injected Npy1rCre mice. (n=3-5 mice/group). Three-way RM ANOVA. Holm-Sidak post 

hoc test. (E) Experimental timeline of chemogenetic activation of Y1-INs with CNO (3 mg/kg) and reflexive 

behavioral testing. Chemogenetic activation of Y1-INs with CNO (3 mg/kg) induces (F) mechanical (vF), (G) cold 

(acetone droplet withdrawal), and (H) heat (52.5 C hotplate) hypersensitivity (n=8 mice/group). F and G: Two-way 

ANOVA. Holm-Sidak post hoc tests. H: Student’s unpaired two-tailed t test. (I) Experimental protocol for 

conditioned place aversion. (J-K) Activation of Y1-INs induces conditioned place aversion (n=10-11 mice/group). 

J: Student’s paired two-tailed t test. K: Two-way ANOVA. Holm-Sidak post hoc test. (L) Experimental timeline of 

chemogenetic activation of Y1-INs with CNO (3 mg/kg) and immediate placement of mice into an open field testing 

environment. Chemogenetic activation of Y1-INs with CNO (3 mg/kg) produces robust discomfort represented by 

(M) continuous movement, (N) lack of rest, and (O) increased grooming-like (stereotypic episode activity count) 

behaviors. (P) Heat maps depicting averaged activity for all mice for the entire 60-minute duration of testing (n=6 

mice/group). M-O: Student’s unpaired two-tailed t test. (Q) Strategy for selectively targeting Y1-INs in Npy1rCre 

mice with intraspinal injections of the Cre-dependent virus AAV8-hSyn-Flex-Chronos-GFP and implantation of a 

wireless optogenetic 473 nm spinal LED implant. Optogenetic activation of Y1-INs induces a frequency dependent 

increase in (R) mechanical and (S) cold hypersensitivity (n=8 mice/group). Two-way RM ANOVA. Holm-Sidak 

post hoc tests. Data are shown as means ± SEM. *p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Dots represent 

data points from individual animals. 

 

             

  



 138 

            We also evaluated the effect of chemogenetic activation of Y1-INs on non-evoked 

nocifensive behaviors. Immediately following CNO administration (3 mg/kg, i.p.), mice injected 

with control virus (mCherry) or excitatory DREADD (hM3DGq) were placed into a novel open 

field apparatus for 60 minutes (Figure 26K). Chemogenetic activation of Y1-INs produced a 

dramatic increase in ambulation (pain-like agitation), inability to rest, and robust grooming-like 

behaviors (stereotypic episode activity count) (Figure 27L-O, Figure 27A-C). These results are 

consistent with increased locomotion/agitation and grooming seen following injection of formalin 

into the hindpaw (Aloisi et al., 1995; Ang et al., 2015; Ibrahim et al., 2021). We do not believe 

that the increase in movement was attributed to increased anxiety-like behavior as mice 

demonstrated reduced thigmotaxis (more time in the center and less time in the margin of the open 

field) following CNO activation (Figure 27D-E)  (Prut and Belzung, 2003; Simon et al., 1994). 

Furthermore, the nocifensive chemogenetic Y1-IN activation-induced increases in movement and 

grooming-like behaviors were reduced by pretreatment with the first-line neuropathic pain 

analgesic, gabapentin (100 mg/kg, i.p., (Kusunose et al., 2010; Zhang et al., 2021)) (Figure 27F-

I). 
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Figure 27. Open field evaluation of chemogenetic activation of Y1-IN-induced nocifensive responses. 

Chemogenetic activation of Y1-INs with CNO (3 mg/kg) produces robust discomfort represented by (A) increased 

movement time, (B) reduced rest time, and (C) increased grooming-like behaviors throughout the duration of time in 

the novel open field-testing chamber. (n=6 mice/group). Student’s unpaired two-tailed t test. Two-way RM 

ANOVA. Holm-Sidak post hoc tests. Chemogenetic activation of Y1-INs with CNO (3 mg/kg) (D) increases the 

time spent in the center of the open field and (E) decreases the time spent in the margins of the open field. (n=6 

mice/group). Student’s unpaired two-tailed t test. (F) Experimental timeline of pretreatment with saline or 

gabapentin (100 mg/kg, i.p.) followed by chemogenetic activation of Y1-INs with CNO (3 mg/kg) and immediate 

placement of mice into an open field testing environment. Gabapentin (100 mg/kg, i.p.) but not saline reduces 

chemogenetic activation of Y1-IN-induced nocifensive (G) increases in movement time, (H) decreases in rest time, 

and (I) increases in grooming-like behaviors. (n=8 mice/group). Student’s paired two-tailed t test. Data are shown as 

means ± SEM. *p < 0.05. Dots represent group averages. 
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            Chemogenetic activation provides a powerful tool for excitation of Y1-INs with high 

spatial resolution, whereas it lacks the frequency-dependent and temporal activation that is 

afforded by excitatory optogenetic stimulation. To perform in vivo spinal optogenetic stimulation 

of Y1-INs and behavioral testing in awake and freely moving mice, we took advantage of newly 

developed wireless, lightweight, flexible, and implantable optoelectronic devices (Grajales-Reyes 

et al., 2021; Samineni et al., 2017). These spinal implants do not alter baseline somatosensation or 

motor coordination (Figure 28). We injected a Cre-dependent excitatory channelrhodopsin with 

fast kinetics and enhanced light sensitivity (AAV8-hSyn-Flex-Chronos) (Klapoetke et al., 2014) 

into the left lumbar dorsal horn of Npy1rCre mice before implanting a 473-nm, spinal optoelectronic 

device overlying the dura mater (Figure 26P). Delivery of light to the surface of the dorsal spinal 

cord in mice injected with the excitatory opsin (Chronos), but not control virus (mCherry), 

produced a robust and frequency-dependent (0, 5, 10, 20 Hz) increase in mechanical and cold 

hypersensitivity in the ipsilateral hindpaw (Figure 26Q-R). These data indicate that activation of 

Y1-INs is sufficient to produce pain-like behaviors. 
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Figure 28. Surgical implantation of the Neurolux spinal LED implant does not alter motor coordination or 

reflexive baseline sensory withdrawal thresholds. 

Implantation of the spinal Neurolux LED implant does not alter (A) time to fall on the accelerating rotarod, (B) von 

Frey mechanical withdrawal thresholds, or (C) acetone withdrawal response durations compared to naïve littermate 

controls. (n=4-5 mice/group). Student’s unpaired two-tailed t test. Data are shown as means ± SEM. *p < 0.05. Dots 

represent group averages. 
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3.4 Discussion  

 
            We propose that Npy1r-expressing neurons in the dorsal horn are fundamental to both the 

initiation and maintenance of neuropathic pain.  

 

3.4.1 Intrathecal NPY Y1 agonists act at spinal cord interneurons rather than the 

peripheral terminals of DRG neurons to inhibit behavioral signs of neuropathic pain 

            Several decades of research have established that intrathecal NPY reduces the behavioral 

and spinal molecular signs of hyperalgesia in rodent models of chronic pain by targeting Y1 

receptors (Brumovsky et al., 2007; Diaz-delCastillo et al., 2018; Hökfelt et al., 2007; Malet et al., 

2017; Nelson and Taylor, 2021; Smith et al., 2007). However, the exact target for Y1-mediated 

anti-nociception has remained elusive due to the dual expression of Y1 at both the central terminals 

of primary afferents and on spinal interneurons, both of which can be engaged following 

intrathecal injection. To resolve the Y1 site of action, we utilized the Cre-lox recombination system 

to conditionally knockout Npy1r in either the DRG or the DH (Figure 17). The resulting data 

demonstrate that intrathecal [Leu31, Pro34]-NPY acts exclusively at Y1 on DH neurons to inhibit 

allodynia. In future studies this same methodology can be utilized to resolve the Y1 agonist target 

for analgesia in other pain models. In particular, models of peripheral inflammation should be 

explored as Npy1r in the DRG is abundantly expressed within peptidergic C fibers (Brumovsky et 

al., 2007, 2002; Nelson and Taylor, 2021; Taylor et al., 2014), thus, peripheral Y1 may have more 

analgesic efficacy in these models. 
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            Additionally, we demonstrate that the Y1 receptor can be repeatably targeted 

pharmacologically to alleviate behavioral signs of allodynia, up to at least 13 weeks post-SNI 

(Figure 15). These results support earlier chronic administration studies in the rat spinal cord that 

also found Y1 could be repeatedly engaged to alleviate neuropathic allodynia (Malet et al., 2017). 

Further, we build on a rich pre-clinical history demonstrating that NPY produces comparable 

analgesic effects to morphine when administered at the spinal level (Intondi et al., 2008; Nelson 

and Taylor, 2021; Smith et al., 2007; Taiwo and Taylor, 2002). Contrary to opioids however, which 

fail to alleviate neuropathic pain due to downregulation  of receptors in neuropathic pain states 

(Chen et al., 2002; Martínez-Navarro et al., 2019), our results suggest that spinally administered 

Y1 agonists continue to be highly efficacious in chronic neuropathic pain states, a critical result 

for future clinical translation. 

3.4.2 SNI enhances the potency of intrathecal [Leu31, Pro34]-NPY 

            GPCRs play fundamental roles in regulating biophysical functions and are 

pharmacological targets for many classes of drugs. [35S]GTPγS binding assays measure the level 

of G protein activation following the occupation of a GPCR by an agonist to provide 

pharmacological values of potency, efficacy, and  affinity (Harrison and Traynor, 2003). We used 

[Leu31, Pro34]-NPY-stimulated [35S]GTPγS binding to analyze the functional coupling of Y1 

receptors to G proteins in the dorsal horn after SNI. The Emax of NPY-stimulated G protein 

activation through Y1 receptors was unaffected following SNI. This is a positive finding that 

demonstrated that the magnitude of spinal Y1-coupled effects is not diminished or desensitized 

following long-term nociceptive activation of the system. We found that SNI increased the potency 

(decreased the EC50 ipsilateral to SNI) of [Leu31, Pro34]-NPY as compared to sham surgery (Figure 
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15). The lowered EC50 of NPY after SNI demonstrates that lower concentrations of NPY would 

be required to activate or maintain Y1-driven antinociceptive signaling during neuropathic pain. 

This increase in NPY potency after SNI reveals an enhanced affinity of Y1 coupling to G protein 

activation. The molecular mechanisms underlying this phenomenon are not well-defined, but could 

reflect the regulation of Y1/Gi/o coupling dynamics via altered accessory protein partnering, 

modified stoichiometry of Y1 receptors to available G protein pools, receptor phosphorylation 

states, movement between membrane lipid domains, or even oligomerization of receptor proteins 

(Parker et al., 2008). We propose that the increased activation of G-proteins will amplify the effect 

of [Leu31, Pro34]-NPY in the setting of peripheral nerve injury, profoundly increasing the anti-

hyperalgesic efficacy of [Leu31, Pro34]-NPY. In summary, our findings promote spinal Y1 as an 

extremely promising Gi/o therapeutic target for intervention with intrathecal Y1 selective agonists 

to treat neuropathic pain.  

3.4.3 SNI increases the excitability of Y1-INs 

            The balance between excitation and inhibition in the DH determines the setpoint of 

somatosensory processing (Todd, 2010). A shift in this balance towards an enduring increase in 

excitability can be denoted as “central sensitization" (Latremoliere and Woolf, 2009). Our 

neurophysiological recordings of passive membrane, active membrane, and synaptic properties 

demonstrate that SNI increases excitability in Y1-INs. First, we note that SNI increased the resting 

membrane potential of DSLF Y1-INs (Figure 21), suggesting that Y1-INs are more likely to fire 

an action potential following synaptic input. Second, we note that SNI increased the membrane 

excitability of DSLF and DLLF Y1-INs (Figures 22-23). These results are consistent with 

peripheral nerve injury-induced hyperexcitability/ central sensitization/ long term potentiation of 
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DH neurons (Boadas-Vaello et al., 2016; Jiang et al., 2010; Laird and Bennett, 1993; Latremoliere 

and Woolf, 2009). Third, we note that SNI robustly increased both the frequency and amplitude 

of sEPSCs in DSLF, IBF, and PF Y1-INs (Figure 22, Figures 24-25). The SNI-induced increase 

in sEPSC frequency is likely a result of an increased frequency of presynaptic action potentials 

(Okamoto et al., 2001). The SNI-induced increase in amplitude of sEPSCs may be a result of 

increased postsynaptic effectiveness of glutamate, perhaps due to central sensitization and the 

upregulation of ionotropic glutamate receptors (Latremoliere and Woolf, 2009). These results are 

consistent with increased synaptic excitability (indicated by both increases in frequency and 

amplitude of sEPSCs/mEPSCs) of excitatory DH neurons following peripheral nerve injury 

(including SNI, chronic constriction injury, and sciatic nerve axotomy) or application of brain 

derived neurotrophic factor (BDNF) (Balasubramanyan et al., 2006; Chen et al., 2009; Inquimbert 

et al., 2012; Smith, 2014). Interestingly, gabapentin, the first-line analgesic prescribed for 

neuropathic pain, acts by reducing both the frequency and amplitude of sEPSCs to spinal cord 

transient firing neurons (Alles et al., 2017). Although not tested, perhaps one of the mechanisms 

by which gabapentin is effective in neuropathic pain patients is via reducing the excitability of Y1-

INs. This hypothesis is moderately supported by pretreatment of gabapentin preventing Y1-IN 

chemogenetic activation-induced nocifensive behaviors (Supplemental Figure 7). Together, our 

results indicate that nerve injury robustly enhances the excitability of Y1-INs. We propose that the 

hyperexcitability of Y1-INs produces an abnormal amplification of innocuous inputs that drives 

the manifestation/facilitation of allodynia (Costigan et al., 2009; Woolf and Salter, 2000). 
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3.4.4 The first investigation of adult dorsal horn Npy1r-expressing neurons 

            In this study we took advantage of NPY Y1 receptor-selective pharmacological agents, 

conditional genetic knockouts, intraspinal administration of Cre-dependent AAV constructs into 

the spinal cords of adult mice, and electrophysiological recordings in a reliable Npy1reGFP mouse 

line (Sinha et al., 2021), to rigorously characterize spinal interneurons that genuinely express the 

NPY Y1 receptor or Npy1r mRNA in adulthood. This is the first rigorous characterization of this 

population in the mouse. One previous study characterized Npy1rCre-lineage neurons, however, 

Npy1r is transiently expressed robustly during DH development these genetic crosses labeled most 

of the excitatory neurons in the DH, many of which that were Npy1r-lacking (Acton et al., 2019). 

Thus, we circumvent this developmental issue and draw conclusions about authentic spinal 

interneurons that express the NPY Y1 receptor. Further, through the use of cell type-specific 

inhibition tools we build upon prior results lesioning the spinal Y1-INs with NPY-saporin 

conjugates in rats (Lemons and Wiley, 2012; Nelson et al., 2019; Wiley et al., 2009), however, we 

avoid the negative pitfalls of lesion studies that include toxicity and circuit rearrangements. Our 

findings reveal the critical importance of DH Y1-INs to the manifestation and maintenance of 

neuropathic pain-like behaviors. We conclude that Y1-INs function like a pain rheostat: noxious 

stimuli increase the activity of Y1-INs to promote pain, whereas their inhibition reduces pain-like 

behaviors. 
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4.0 Spinal interneurons co-expressing Npy1r and Grp are necessary for the manifestation of 
neuropathic pain 

4.1 Introduction 

            Pain and itch protect organisms from potentially harmful stimuli. Neurons in the superficial 

spinal cord dorsal horn (DH) are fundamental for the processing of nociceptive and pruritoceptive 

input (Merighi, 2018). Neurons in the DH are predominately interneurons (not projection neurons) 

and can be subdivided into two major classes: excitatory or inhibitory interneurons (Braz et al., 

2014; Todd, 2010). Most superficial DH interneurons are glutamatergic with marked functional 

and histochemical heterogeneity (Todd, 2017). Excitatory DH interneurons are required for the 

appropriate expression of pain and itch behavior (Wang et al., 2013). However, in the setting of 

peripheral nerve injury, maladaptive hyperexcitation of excitatory DH interneurons can drive 

chronic neuropathic pain (Finnerup et al., 2021; Todd, 2010; Zeilhofer et al., 2012b). Specifically, 

peripheral nerve damage can lead to pathological allodynia in which normally innocuous sensory 

input is amplified and conveyed as painful (Finnerup et al., 2021; Jensen and Finnerup, 2014; 

Lolignier et al., 2014; Peirs et al., 2020). Multiple excitatory DH neurons are implicated in 

mediating peripheral nerve injury-induced allodynia, including those that express protein kinase C 

gamma (PKCγ) (Lu et al., 2013; Malmberg et al., 1997; Miracourt et al., 2007; Neumann et al., 

2008; Peirs et al., 2021; Petitjean et al., 2015; Wang et al., 2020), somatostatin (Sst) (Christensen 

et al., 2016; Duan et al., 2014), cholecystokinin (CCK) (Liu et al., 2018; Peirs et al., 2021), 

neurokinin-1 receptor (NK1R) (Maiarù et al., 2018), and neuropeptide Y Y1 receptor (NPY1R) 

(Nelson et al., 2022, 2019). Nonetheless, despite the identification of numerous excitatory DH 

neurons involved in pathological allodynia, therapeutic intervention remains lacking. 



 148 

 

Of the critical neuronal populations implicated in pathological allodynia, the neuropeptide Y Y1 

receptor-expressing interneurons represent a promising, druggable, pharmacotherapeutic target for 

the treatment of neuropathic pain (Nelson and Taylor, 2021). The Y1 receptor is coupled to 

inhibitory G-proteins (Gi/o) and application of NPY Y1-selective agonists to spinal cord slices 

reduces the excitability of NPY Y1 receptor-expressing interneurons (Y1-INs) and decreases 

pronociceptive signaling (Melnick, 2012; Miyakawa et al., 2005; Sinha et al., 2021). Intrathecal 

administration of NPY Y1 selective agonists potently reduces the behavioral signs of neuropathic 

pain (Intondi et al., 2008; Kuphal et al., 2008; Malet et al., 2017; Nelson et al., 2022), and cell-

type specific modulation/ablation studies demonstrate that Y1-INs are both necessary and 

sufficient for the manifestation of neuropathic pain-like behavior (Nelson et al., 2022, 2019). 

However, this critical interneuron population is histochemically ill-defined. The aims of this study 

were threefold: 1. use multi-label fluorescence in situ hybridization (FISH) to rigorously 

characterize spinal Y1-INs, 2.  define Y1-IN subpopulations and investigate their role(s) in 

neuropathic pain-like behavior, and 3. evaluate the conservation of Y1-IN subpopulations across 

higher-order mammalian species to consider the translatability of this work for future 

pharmacotherapeutic development. 
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4.2 Methods 

 
Animals 

            Adult C57Bl/6NCrl (Charles River, #027), Npy1rloxP/loxP (courtesy of Herbert Herzog 

(Howell et al., 2003)), GrpCre (courtesy of Zhou-Feng Chen (Kim et al., 2008)), CckCre (Jackson 

Laboratory, #012706), and NpffCre (see below) mice were group housed, provided access to food 

and water ad libitum, and maintained on a 12:12 hour light:dark cycle (lights on at 7:00am) in 

temperature and humidity controlled rooms. Male and female mice were used in all experiments. 

Although we were not powered to detect significant sex differences, no major/obvious trends in 

sex differences were observed and means from both sexes were pooled. The Institutional Animal 

Care and Use Committees of the University of Pittsburgh approved all procedures. Additionally, 

all experiments followed the guidelines for the treatment of animals of the International 

Association for the Study of Pain. 

 

The NpffCre knockin mouse line was generated by Taconic Biosciences GmbH (Leverkusen, 

Germany), using a conventional ES cell targeting strategy and homologous recombination. Briefly, 

the sequence for the T2A peptide and the open reading frame of improved Cre recombinase (iCr) 

were inserted between the last amino acid and the translation termination codon in exon 3 of the 

NPFF gene. A positive selection marker (Puromycin resistance) flanked by FRT sites was removed 

by crossing NpffCre mice with germline Flpe mice. The presence of the T2A sequence should result 

in co-translational cleavage between the NPFF and iCre proteins, resulting in coexpression of both 

proteins, under control of the Npff promoter. 
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Intrathecal Injections 

            Intrathecal injections of [Leu31, Pro34]-NPY (human, rat) were performed in lightly 

restrained unanesthetized mice. Briefly, a 30G needle attached to a Hamilton microsyringe was 

inserted between the L5/L6 vertebrae at the cauda equina, puncturing the dura (confirmed by 

presence of reflexive tail flick). We then injected a 5 μl volume of saline or [Leu31, Pro34]-NPY. 

Animals were injected twice using a cross-over design with a 3-7-day separation between the two 

injections. For example, animals receiving saline for the first injection received [Leu31, Pro34]-

NPY for the second, and animals receiving [Leu31, Pro34]-NPY for the first injection received 

saline for the second. In all cases, group means of saline and [Leu31, Pro34]-NPY did not differ on 

either injection day and were combined for final analysis. 

 

Surgeries 

            Spared Nerve Injury: SNI was performed as previously described (Nelson et al., 2019; 

Solway et al., 2011). Briefly, mice were anesthetized with inhaled isoflurane (5% induction and 

2% maintenance) and the left hind limb was shaved with trimmers and sterilized with 70% ethanol 

and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). A small incision was made 

in the skin of the hind left leg and the underlying muscle was spread via blunt dissection to expose 

the underlying branches of the sciatic nerve. The peroneal and tibial nerves were then ligated with 

6-0 silk sutures and transected while carefully avoiding the sural nerve. The muscle tissue was 

then loosely sutured with 5-0 nylon sutures and the skin was closed with 9 mm wound clips. 

Topical triple antibiotic ointment (Neosporin) was applied to the wound. Wound clips were 

removed ~7-10 days post-surgery and behavioral experiments began 14 days after surgery. 
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            Intraspinal AAV Injections: Mice were anesthetized with inhaled isoflurane (5% 

induction and 2% maintenance) and the back was shaved with trimmers and sterilized with 70% 

ethanol and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). A midline incision 

was carefully made until the underlying vertebrae were clearly visible. A partial laminectomy was 

performed to remove the L1 vertebrae overlying the L4 segment of the spinal cord. A glass 

microelectrode was inserted into three separate locations in the exposed left lumbar spinal cord 

along the rostral caudal axis. At each injection site the glass microelectrode was lowered to a depth 

of 250 µm below the dura using a stereotaxic frame (David Kopf Instruments). 333.3 nL of virus 

(AAV8-hSyn-DIO-mCherry or AAV8-hSyn-DIO-hM4Di-mCherry, University of Pennsylvania 

Vector Core) was slowly injected into each of the three spots (5 nL/sec) using a Nanoject III 

(Drummond) with a 3-minute wait time after completion of each injection to permit adequate 

infusion. The lassimus dorsi was sutured with 5-0 nylon sutures to protect the exposed spinal cord 

and the overlying skin was closed with 9 mm wound clips. Topical triple antibiotic ointment 

(Neosporin) was applied to the wound. Subcutaneous Buprenorphine HCL (0.05 mg/kg) was 

utilized for 72 hours as a post-operative analgesic. Behavioral experiments began 21 days after 

surgery. 

 

Behavioral Testing 

            Mechanical Withdrawal Threshold: Testing was performed as described in (Solway et al., 

2011). Mice were habituated to plexiglass chambers with opaque walls (15 × 4 × 4 cm) on a raised 

wire mesh platform for 30-60 minutes one day before and immediately prior to behavioral testing. 

Testing was performed using a calibrated set of logarithmically increasing von Frey 

monofilaments (Stoelting, Illinois) that range in gram force from 0.007 to 6.0 g. Beginning with a 
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0.4 g filament, these were applied perpendicular to the lateral hindpaw surface with sufficient force 

to cause a slight bending of the filament. A positive response was denoted as a rapid withdrawal 

of the paw within 4 seconds of application. Using the Up-Down method (Chaplan et al., 1994), a 

positive response was followed by a lower filament and a negative response was followed by a 

higher filament to calculate the 50% withdrawal threshold for each mouse. 

 

            Cold Withdrawal Duration: Immediately following von Frey testing, acetone drop 

withdrawal testing was performed on mice in the same plexiglass chambers on a raised wire mesh 

platform. Using a syringe connected to PE-90 tubing, flared at the tip to a diameter of 3 1/2 mm, 

we applied a drop of acetone to the lateral side of the hind plantar paw. Surface tension maintained 

the volume of the drop to ~10 µL. The length of time the animal lifted or shook its paw was 

recorded for 30 s. Three observations were averaged. 

 

            Hindpaw Brush for Fos: To produce Fos activation, a light-touch stimulation protocol 

was initiated on the ipsilateral hindpaw of SNI mice 14 days after nerve injury. Mice were 

anesthetized with isoflurane (5% induction, 2% maintenance) and the lateral surface of the left 

hindpaw was gently stroked in the longitudinal plane with a cotton tipped applicator for 3 seconds 

of every 5 seconds, for 5 minutes. After an additional 60-minute awake and freely moving wait 

time in their home cage, mice received an intraperitoneal injection of sodium pentobarbital (.100 

mg/kg, 0.2 mL, Fatal-Plus) and were transcardially perfused. 
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Fluorescence in situ Hybridization (FISH) (RNAscope)  

            Mice:  Mice were transcardially perfused with ice cold 1x PBS followed by 10% buffered 

formalin and spinal cords were extracted via blunt dissection, postfixed in 10% formalin (2-4 hrs), 

and then placed in 30% sucrose at 4°C until the tissue sank (~48-72 hrs). 20 μm thick L3-L4 

floating spinal cord sections were obtained on a vibrating microtome and mounted on Superfrost 

Plus Microscope slides and air dried overnight at room temperature. Slides underwent pretreatment 

for fluorescence in situ hybridization consisting of 10 min Xylene bath, 4 min 100% ethanol bath, 

and 2 min RNAscope® H2O2 treatment. Next, the FISH protocol for RNAscope Fluorescent v2 

Assay (Advanced Cell Diagnostics)  was followed for hybridization to marker probes. Signal 

amplification was carried out using the TSA Fluorescein, Cyanine 3, and Cyanine 5 reagents 

(1:1000; Perkin Elmer or Akoya Biosciences). Slides were either then coverslipped with 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI or proceeded to 

immunohistochemistry for mCherry labeling.  

 

            Rhesus Macaques: Two rhesus macaques (Male, 4 years at time of death; and Female, 4 

years at time of death) were provided by Dr. David Lewis and cared for under the guidelines of 

the National Institute of Health. No prior manipulations to the spinal cord were conducted in the 

macaques. At the time of tissue harvest, the macaques were perfused with aCSF and the L5-

L7 spinal cord tissue was removed, placed in OCT, and immediately frozen on dry ice. Tissue 

sections were cut 20 μm thick using a cryostat and mounted on to Superfrost-charged slides and 

stored at -80 °C until the start of the assay. The fresh frozen FISH protocol for RNAscope 

Fluorescent v2 Assay (Advanced Cell Diagnostics) was followed for hybridization to marker 

probes. after a 30-minute fixation step with cold 4% PFA. Signal amplification was carried out 
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using the TSA Fluorescein, Cyanine 3, and Cyanine 5 reagents (1:1500; Akoya Biosciences). All 

sections were co-stained for DAPI and coverslipped at the end of the assay. 

 

            Human Donor Spinal Cord Tissue: Two human spinal cord fresh-frozen cervical spinal 

cord tissues were obtained from the NeuroBioBank, National Institutes of Health (project no. 

063772) and provided by J. Glausier, Department of Psychiatry, University of Pittsburgh (Male, 

45 years at time of accidental death; Female, 44 years at time of natural death). All available 

evidence indicated that these subjects did not have any major psychiatric illness nor any 

neuropathological illness at the time of death. All procedures were approved by the Committee for 

the Oversight of Research and Clinical Training Involving Decedents at University of Pittsburgh, 

Pittsburgh, Pennsylvania. The fresh frozen FISH protocol for RNAscope Fluorescent Assay 

(Advanced Cell Diagnostics) was followed for hybridization to marker probes. Briefly, 16 μm 

thick fresh frozen sections containing human spinal cord were fixed in 4% paraformaldehyde, 

dehydrated, treated with protease for 15 minutes, and hybridized with gene- and species-specific 

probes. 
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Table 5. RNAscope probes used in this study. 
Probe Target 

Species 

Protein/Peptide Channel 

Numbers 

Catalogue 

Number 

Z-pair 

number 

Target 

Region 

Npy1r Mouse Neuropeptide Y 

receptor 1 

1, 3 427021 20 227 - 1169 

Grp Mouse Gastrin-releasing 

peptide 

2 317861 15 22 - 825 

Cck Mouse Cholecystokinin 2 402271 12 23 - 679 

Npff Mouse Neuropeptide FF 2 479901 9 47 - 433 

Grpr Mouse Gastrin-releasing 

peptide receptor 

2 317871 20 463 - 1596 

Tac1 Mouse Tachykinin precursor 

1 (Substance P) 

2 410351 15 20 - 1034 

Tacr1 Mouse Tachykinin receptor 1 

(Neurokinin 1 

receptor) 

2 428781 20 845 - 1775 

Sst Mouse Somatostatin 2 404631 6 18 - 407 

Nmur2 Mouse Neuromedin U 

receptor 2 

3 314111 20 69 - 1085 

Prkcg Mouse Protein kinase C 

gamma 

3 417911 20 685 - 2438 

Fos Mouse Fos proto-oncogene 

(C-Fos) 

3 316921 20 407 - 1427 

Lmx1b Mouse LIM homeobox 

transcription factor 1-

beta 

1 412931 16 125 - 1188 

Pax2 Mouse Paired box 2 2 448981 20 2 - 1256 

Car12 Mouse Carbonic anhydrase 

12 

1 429991 20 552 - 1660 

Npy1r Monkey Neuropeptide Y 

receptor 1 

2 838471 20 2 - 1023 
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Grp Monkey Gastrin-releasing 

peptide 

2 1079131 20 7-992 

Cck Monkey Cholecystokinin 1 461721 20 202 - 1297 

Npff Monkey Neuropeptide FF 3 1089001 20 78 - 1145 

Npy1r Human Neuropeptide Y 

receptor 1 

1 414511 20 401 - 1493 

Grp Human Gastrin-releasing 

peptide 

2 465261 14 35 - 851 

Cck Human Cholecystokinin 2 539041 20 100 - 1486 

Npff Human Neuropeptide FF 2 1082871 6 55 - 345 

 

Immunohistochemistry 

            Immediately following the RNAscope V2 protocol, mouse spinal cord sections were 

washed 3 times in PBS and then pretreated with blocking solution (3% normal goat serum and 

0.3% Triton X-100 in PBS) for 1 hour. Sections were then incubated in blocking solution 

containing the primary antibody overnight (1:2000, Anti-mCherry; Invitrogen, Cat: M11217) at -

4 °C on a slow rocker. The sections were washed 3 times in 1x PBS and then incubated in 

secondary antibody (1:1000, Alexa Fluor 568 Goat anti-Rat; Invitrogen, Cat: A11077) for 60 

minutes. Finally, sections were washed in 1x PBS and then 0.01-M phosphate buffer without 

saline. 

 

Microscopy and Quantification 

            All images were captured on a Nikon Eclipse Ti2 microscope using a 20x or 40x objective 

and analyzed using NIS-Elements Advanced Research software v5.02. Cells with at least 3 puncta 

associated with a DAPI nucleus were considered positive. Mouse quantification exclusively was 

limited to the superficial 100 µm of the dorsal horn. Each individual data point for a mouse 
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indicates one animal and the average of 3-5 quantified dorsal horn sections. Macaque 

quantification occurred in the substantia gelatinosa which appears as a translucent area in the 

superficial dorsal horn. Each individual data point for a rhesus macaque indicates one individual 

spinal cord dorsal horn. Intense lipofuscin hindered the ability to accurately quantify expression 

in the human dorsal horn. 

 

Blinding procedures 

            In all experiments rigorous experimenter blinding was employed to promote research 

reproducibility. The experimenter was blinded to drug treatments in all behavioral pharmacology 

experiments as intrathecal injections were performed by a laboratory colleague thus providing 

complete anonymity of agent for each animal. For viral experiments a laboratory mate color-coded 

the virus tubes for the experimenter at the time of surgery as well as clozapine N’ oxide (Tocris 

Bisociences) vs. saline at the time of behavior. The key for coding was kept hidden in a notebook 

until the completion of all experiments. The experimenter then obtained the key for data analysis. 

 

Statistical Analyses and Data Representation 

            All data are presented as means ± SEM. Statistical significance was determined as *P < 

0.05. Statistical tests were two-way repeated-measures ANOVA or three-way repeated measures 

ANOVA followed by post hoc tests as appropriate. All statistical analyses were performed in 

GraphPad Prism 9.0. Graphs and Images were created in GraphPad Prism 9.0., Adobe Illustrator 

26.3.1., and Biorender.com. 
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4.3 Results 

4.3.1 Characterization of murine Npy1r-expressing interneurons using fluorescence in situ 
hybridization 

            We used multi-label FISH to histochemically characterize L4 superficial Y1-INs. First, we 

found that Npy1r extensively co-localized with the DH excitatory gene, Lmx1b (96.91 ± 0.49%), 

but not the inhibitory marker, Pax2 (1.39 ± 0.47%) (Figure 29A-E) (Cheng et al., 2005; Del Barrio 

et al., 2013; Hernandez-Miranda et al., 2017; Szabo et al., 2015). This result indicates that Y1-INs 

are an excitatory DH interneuron population. Recent data from immunohistochemistry, in situ 

hybridization, and unbiased single cell/nucleosome RNA-sequencing of DH interneurons, 

together, identify several largely non-overlapping excitatory interneuron subpopulations based on 

the expression of neuropeptides/receptors (Bell et al., 2020; Gutierrez-Mecinas et al., 2019, 2016; 

Häring et al., 2018; Polgár et al., 2022; Russ et al., 2021; Sathyamurthy et al., 2018). Specifically, 

these populations are defined by their expression of cholecystokinin (CCK), neurotensin, 

neurokinin B (NKB), neuropeptide FF (NPFF), substance P (SP), enhanced green fluorescent 

protein (eGFP) or Cre recombinase under control of the gastrin releasing peptide (Grp) promoter 

in BAC transgenic mice from the GENSAT project (GrpeGFP and GrpCre), and gastrin releasing 

peptide receptor (GRPR) (Figure 29F). Together, these largely non-overlapping populations 

account for ~90% of superficial DH excitatory interneurons (Polgár et al., 2022). Thus, we used 

these markers of largely non-overlapping excitatory DH interneurons to identify putative Y1-IN 

subpopulation(s). We found that Npy1r co-localized with superficial Cck (16.60 ± 0.63%), Grp 

(60.61 ± 3.78%), and Npff (24.55 ± 1.75%), but little with Grpr (6.85 ± 0.45%), Prkcg (4.55 ± 

0.55%), or Tac1 (5.13 ± 0.68%) (Figure 29G-R). Note that Prkcg was used as a marker to broadly 

encompass both the neurotensin and NKB subpopulations (Figure 29F). Together, these results 
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indicate that Y1-INs are excitatory DH interneurons and largely segregate into three non-

overlapping subpopulations demarcated by co-expression of Npy1r with the genes Cck, Npff, or 

Grp. 

 

            In addition to markers of largely non-overlapping excitatory interneurons, we also 

histochemically characterized DH Npy1r expression with canonical markers implicated in 

nociception as well as novel genes of predicted overlap from single-cell RNA sequencing datasets. 

Specifically, we found that Npy1r co-localized extensively with Sst (49.26 ± 0.98%) and Calb2 

(33.96 ± 2.42%) but little with Tacr1 (6.94 ± 1.11%) (Fig. 29S-X), three genes implicated in 

neuropathic and inflammatory mechanical allodynia (Christensen et al., 2016; Duan et al., 2014; 

Maiarù et al., 2018; Peirs et al., 2021, 2020, 2015). Lastly, we confirmed the co-localization of 

Npy1r with Nmur2 (37.04 ± 0.94%) and Car12 (32.83 ± 6.33%), as predicted by single-cell RNA 

sequencing datasets (Figure 29Y-AB) (Häring et al., 2018; Russ et al., 2021). 
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Figure 29. Fluorescence in situ characterization of Y1-INs. 

(A-E) Npy1r extensively co-localizes with Lmx1b but not Pax2 (n=4-5 mice/group). (F) Excitatory interneurons can 

be segregated into largely non-overlapping subpopulations. (G-R) Npy1r co-localizes with superficial Cck, Grp, and 

Npff but not Grpr, Prkcg, or Tac1 (n=3-5 mice/group). (S-AB) Npy1r co-localizes with Tacr1, Sst, Calb2, Nmur2, 

and Car12 (n=3-5 mice/group).  Each data point indicates the average of 2-4 quantified sections/mouse. Scale bars: 

25 µm. Yellow arrows indicate co-localization. Data shown as means ± SEM. 
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4.3.2 Evaluation of the Y1-IN subpopulation(s) necessary for the manifestation of the 
behavioral signs of neuropathic pain 

            Next, we examined the Y1-IN subpopulation(s) activated by a dynamic mechanical light 

touch stimulation in mice with neuropathic pain. First, we performed spared nerve injury (SNI), a 

model of peripheral nerve injury-induced neuropathic pain (Decosterd and Woolf, 2000). In the 

SNI model, the common peroneal and tibial branches of the sciatic nerve are ligated and cut while 

leaving the sural nerve intact Following SNI, mice develop robust mechanical and cold 

hypersensitivity in the sural innervation territory (lateral aspect) of the injured hindpaw (Nelson et 

al., 2022, 2019). Two weeks after spared nerve injury (SNI), we performed light dynamic brush 

stimulation of the injured hindpaw under anesthesia or no stimulation (isoflurane exposure control) 

(Figure 30A). As predicted, we found that light brush stimulation increased Fos expression in the 

ipsilateral superficial DH. In particular, extensive Fos was noted in Npy1r-expressing neurons 

(Figure 30B). Further, Fos was enriched in the superficial Grp/Npy1r but not the Npff/Npy1r or 

Cck/Npy1r subpopulations (Figure 30B-C). These results suggest that in the context of peripheral 

nerve injury, dynamic mechanical stimulation activates DH interneurons that co-express Npy1r 

and Grp but not those that co-express Npy1r and Cck or Npy1r and Npff. 

 

            We next tested the hypothesis that one or more Y1-IN subpopulation(s) is necessary for 

the behavioral manifestation of SNI-induced mechanical and cold allodynia. First, we took 

advantage of the fact that virtually all Npff-expressing DH interneurons co-express Npy1r (Figure 

29M-N). This feature of NPFF-INs allowed us to intraspinally administer Cre-dependent 

inhibitory DREADDs into the left lumbar (targeting L3-L4) dorsal horn of our newly developed 

NpffCre mouse line to modulate Npff/Npy1r-INs. As predicted, immunohistochemical/FISH 

verification of AAV-mCherry transfection expression was detected ipsilateral to viral injection 
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(left but not right DH) in superficial DH cells that co-expressed Npff and Npy1r (Figure 30D). To 

our surprise, chemogenetic inhibition of Npff/Npy1r-INs with clozapine N-oxide (CNO, 3 mg/kg, 

i.p.) did not alter mechanical or cold responses before or after SNI (Figure 3E-I). We used a 3 

mg/kg dose of CNO as this is the lowest recommended dose to be a DREADD agonist without 

producing off target effects (Jendryka et al., 2019); additionally, this is a commonly utilized dose 

for spinal cord chemogenetics (Kiguchi et al., 2021; Petitjean et al., 2015). These findings indicate 

that the spinal Npff/Npy1r-INs are not necessary for the behavioral manifestation of static 

mechanical or cold neuropathic allodynia. 

 

            In contrast to the DH NPFF-INs, many CCK- and GRP-INs do not co-express Npy1r. As 

a result, we could not use the same chemogenetic approach we used with our NpffCre mice to also 

inhibit the GrpCre or CckCre interneuron populations without also modulating neurons that do not 

express Npy1r. Therefore, we crossed Npy1rloxP/loxP mice (Howell et al., 2003) with either GrpCre 

(Barry et al., 2020) or CckCre (Taniguchi et al., 2011) mice to selectively knockout Npy1r from 

GrpCre or CckCre neurons, respectively (Figure 30J-M). Next, we performed SNI that produced 

mechanical and cold hypersensitivity in all three genetic crosses (Figure 30N-O). Two weeks after 

SNI, we intrathecally administered the Y1-selective agonist, [Leu31, Pro34]-NPY, to inhibit spinal 

Y1-INs. [Leu31, Pro34]-NPY reduced SNI-induced allodynia in both control Npy1rloxP/loxP and 

Npy1rloxP/loxP;CckCre mice, but not in Npy1rloxP/loxP;GrpCre mice (Figure 30N-O). These results 

indicate that intrathecal NPY Y1 agonists act at spinal cord Npy1r-expressing interneurons that 

co-express Grp to inhibit the behavioral signs of neuropathic pain. Together, these results reveal 

that Grp/Npy1r-INs but not Npff/Npy1r-INs or Cck/Npy1r-INs are necessary for the behavioral 

manifestation of peripheral nerve injury-induced mechanical and cold allodynia.  
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Figure 30. Evaluation of Y1-IN subtypes in neuropathic pain. 

(A) Protocol for light-brush evoked Fos. (B) Quantification of Fos-positive cells in superficial DH. Two-Way 

ANOVA. n=3-5 mice/group. (C) Example of Grp/Npy1r-INs with light brush-evoked Fos. (D) AAV transfection in 

NpffCre mice and FISH confirmation of Npy1r and Npff expression in transfected cells. Scale bar 10 µm. (E) 

Schematic of NpffCre chemogenetic behavior. Chemogenetic inhibition of NpffCre cells did not alter (F-G) mechanical 

thresholds nor (H-I) cold sensitivity before or after SNI. Three Way RM ANOVA. n=6 mice/group (J-M) 

Representative conditional deletion of Npy1r from CckCre and GrpCre mice. Scale bars 25 µm. (N-O). [Leu31, Pro34]-

NPY abolishes SNI-induced allodynia in Npy1rloxP/loxP and Npy1rloxP/loxP;CckCre mice but not in Npy1rloxP/loxP;GrpCre 

mice (n=8-9 mice/group). Three-way RM ANOVA. Holm-Sidak post hoc tests if applicable. Yellow arrows indicate 

co-localization. Data are shown as means ± SEM. 
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4.3.3 Conservation of Npy1r-expressing subpopulations in the rhesus macaque and human 
spinal cord dorsal horns 

            Finally, we asked if Y1-INs and Y1-IN subpopulations are evolutionarily conserved across the non-human 

primate and human spinal cord dorsal horns. Analogous to our mouse studies, we performed FISH for Npy1r, Cck, 

Npff, and Grp in spinal cord tissue from both male and female rhesus macaques and humans. First, we found that 

Npy1r-expressing cells were abundantly expressed in the DH of monkey tissue. In the rhesus macaque tissue, we 

found that superficial Npy1r extensively co-localized with Cck (22.49 ± 3.08%), Grp (27.26 ± 1.63%), and Npff (41.98 

± 2.20%) (Figure 31A-F). We also found numerous Npy1r-expressing cells in the superficial dorsal horn of human 

spinal cord tissue. Further, Npy1r co-expression with Cck, Grp, and Npff was conserved in the human dorsal horn 

(albeit Npff expression is sparse in human DH) (Figure 31G-I). Note, that we detected an abundance of the 

autofluorescent age-related pigment, lipofuscin (Steiner et al., 1989), in the human spinal cord DH that hindered 

accurate co-localization quantification. Nevertheless, our FISH results demonstrate that Y1-IN subpopulations are 

conserved across the rhesus macaque and human DHs, and importantly, the Grp/Npy1r-IN population is abundant in 

both the macaque and human spinal cord DHs.  
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Figure 31. Conservation of Y1-IN subtypes across higher-order mammalian species 

 (A-F) Npy1r extensively co-localizes with Cck, Grp, and Npff in the rhesus macaque (n=2 macaques). Individual 

data points represent one single quantified section. Scale bars: 25 µm. (G-I) Npy1r co-localizes with Cck, Grp, and 

Npff in the human spinal cord DHs (n=2 human organ donors). Scale bars: 20 µm. Yellow arrows indicate co-

localization. Data shown as means ± SEM. 
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4.4 Discussion 

            Spinal cord DH interneuron populations are fundamental for the appropriate processing of 

nociceptive and pruritoceptive inputs. In this study, we demonstrate that excitatory Npy1r-

expressing DH interneurons that co-express Grp are fundamental for the behavioral manifestation 

of peripheral nerve injury-induced mechanical and cold allodynia. Further, we reveal that the 

expression of this critical neuronal subpopulation is evolutionarily conserved across the murine, 

monkey, and human spinal cord dorsal horns.  

 

4.4.1 Y1-INs segregate into three glutamatergic subpopulations 

            In this study, for the first time we rigorously characterized dorsal horn interneurons that 

express Npy1r, an advance that has long-remained challenging due to the lack of an antibody that 

reliably stains the NPY Y1 receptor in mouse tissue. Previously, a characterization was performed 

for mouse Npy1rCre-lineage neurons (an important caveat is that approximately half of the neurons 

in this lineage were Npy1r lacking) (Acton et al., 2019) and rat Y1-immunoreactive interneurons 

(Nelson et al., 2019), but this is the first extensive characterization of adult Npy1r-expressing cells 

in the mouse superficial spinal cord DH. Our results confirm that Y1-INs are an excitatory DH 

interneuron population in support of previous immunohistochemistry, FISH, and single-cell 

transcriptomic data (Acton et al., 2019; Häring et al., 2018; Nelson et al., 2019; Nelson and Taylor, 

2021; Sathyamurthy et al., 2018). Additionally, our results indicate that superficial DH Y1-INs 

segregate into three largely non-overlapping excitatory subpopulations demarcated by the co-

expression of Npy1r with either Grp, Npff, or Cck. This result is consistent with single-cell RNA 

sequencing, which also identified three excitatory Y1-IN subpopulations (Glut2, Glut8, and Glut9) 
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that match our characterization (Häring et al., 2018). In comparison of our results with these single 

cell RNA-sequencing results, we believe that the Glut2, Glut8, and Glut9 clusters correlate to the 

Cck-, Grp-, and Npff-expressing Y1-IN subpopulations, respectively (Häring et al., 2018). While 

the significant co-expression of Npy1r and Grp has been previously reported with both FISH 

(Nelson and Taylor, 2021; Wang et al., 2021) and transcriptomics (Sathyamurthy et al., 2018), we 

believe this is the first report of Npy1r co-expression with Npff and Cck.  

 

4.4.2 Grp/Npy1r-expressing DH interneurons drive neuropathic pain 

            We reveal for the first time that spinal DH Npy1r-expressing interneurons that co-express 

Grp are necessary for the behavioral manifestation of SNI-induced mechanical and cold allodynia. 

As the function of Y1-INs and GRP-INs are typically considered to drive either chronic pain 

(Lemons and Wiley, 2012; Nelson et al., 2022, 2019; Nelson and Taylor, 2021) or pruritus 

(Albisetti et al., 2019; Chen, 2021; Kiguchi et al., 2021; Pagani et al., 2019), respectively, the 

current results address a decades-long debate about the coding of pain vs. itch in the somatosensory 

system. Our results contrast with a theorized “labeled line” in which neurons specifically code for 

either pain or itch (Ma, 2010). Rather, our results support an integrated organization of second-

order spinal cord interneurons within sensory circuits. This more complex viewpoint fits well with 

recent data implicating both Y1-INs (Jakobsson et al., 2019; Nelson and Taylor, 2021) and GRP-

INs (Saeki et al., 2022; Sun et al., 2017) as polymodal interneuron populations implicated in both 

pain and pruritus. 
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            In this study, we demonstrate a novel role for GRP-INs in neuropathic pain. We believe 

that two key advances allowed us to uncover this novel function. First, we utilized a high-fidelity 

GrpCre mouse line which labels ~90% of the DH GRP-INs (Barry et al., 2020). Previous Grp work 

used GENSAT’s BAC transgenic GrpCre mouse line which only labels ~25% of DH GRP-INs 

(Albisetti et al., 2019; Bell et al., 2020), and prevented the functional interrogation of the entire 

GRP-IN population. Second, we probed the role of GRP-INs in a chronic pain model (SNI) rather 

than acute pain modalities (i.e. heat, von Frey, pinprick) (Albisetti et al., 2019; Barry et al., 2020). 

To our knowledge this is the first functional interrogation of GRP-INs in a chronic pain model. 

Thus, with these key advances, we revealed that Grp/Npy1r-INs are necessary for the 

manifestation of neuropathic pain. However, these results are not entirely unexpected. Mechanical 

allodynia is hypothesized to occur via a polysynaptic DH microcircuit that allows A-fibers to 

transmit innocuous mechanical input to “pain circuits” (Lu et al., 2013). One key neuronal 

population in this proposed circuit is the “transient central cell” (neurons in lamina II outer with a 

central morphology that discharge action potentials transiently during a depolarizing step (Grudt 

and Perl, 2002)). Y1-INs and GRP-INs have both been characterized as transient central cells 

(Albisetti et al., 2019; Dickie et al., 2019; Nelson et al., 2022). Thus, in the context of nerve injury, 

we suggest that GRP/Y1-INs (transient central cells) activate GRPR-INs (vertical cells (Polgár et 

al., 2022)) to drive mechanical allodynia, corresponding to a circuit proposed by Lu et al. (Lu et 

al., 2013). This may also explain how peripheral nerve injury often leads to the presentation of a 

neuropathic pain condition that is associated with a neuropathic itch component (Meixiong et al., 

2020; Misery et al., 2014; Steinhoff et al., 2018): sensitization of GRP/Y1-INs may give rise not 

only to allodynia, but also the analogous alloknesis (innocuous touch causes itch) (Hachisuka et 

al., 2018). Indeed, intrathecal administration of NPY inhibits not only the behavioral signs of 
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neuropathic pain but also chemical and mechanical itch (Gao et al., 2018; Jakobsson et al., 2019; 

Nelson and Taylor, 2021). Therefore, we propose that both neuropathic pain and itch share 

redundant spinal circuitry. Further interrogation of how specific temporal neuronal activation can 

drive specific transmitter/peptide release to produce differing behaviors (Pagani et al., 2019) will 

be fundamental to our understanding of this biological redundancy in future studies.  

 

            The Sst/Grp/Npy1r neuron population necessary for the manifestation of neuropathic pain 

likely corresponds to the Glut8 cluster from Häring et al.’s single-cell RNA sequencing database 

(Häring et al., 2018). Therefore, future studies should further evaluate the Glut8 cluster (Reln+, 

Nmur2+, Npff- neurons) and its role in neuropathic pain. For example, the synthesis of an Nmur2Cre 

mouse line, or perhaps an intersectional approach that develops and utilizes a Npy1rFlp mouse 

crossed with a GrpCre mouse, will allow future investigators to perform more advanced analyses 

of the Glut8 subpopulation in order to better define its role in neuropathic pain. 

 

            Another alternative interpretation of our results is that we are not seeing a subpopulation 

specific effect, but rather the effect of inhibiting a large number of Y1-INs. The Grp-expressing 

subpopulation is the largest subpopulation of Y1-INs and accounts for ~60% of the total superficial 

Y1-INs. Thus, perhaps SNI is producing a large excitation/inhibition (E/I) imbalance in the DH 

and it is the total number of excitatory neurons that is needed to be inhibited that is important for 

a reduction in pain-like behavior- not the specific subpopulation. Unfortunately, the methods I 

have used cannot readily refute this alternative interpretation. However, inhibition of another large  

and predominately excitatory interneuron population, the calretinin interneuron population (~30% 

of all superficial dorsal horn neurons are calretinin-immunoreactive (Smith et al., 2016)- as 
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opposed to ~25% expressing Npy1r), does not affect peripheral nerve injury-induced allodynia 

(Peirs et al., 2021). This suggests that neuronal specificity does affect specific behavioral 

phenotypes in the context of peripheral nerve injury-induced allodynia. As discussed above, the 

development and utilization of an Npy1rFlp mouse and intersectional genetic cell type-specific 

modulation studies can further address this alternative hypothesis. Specifically, one may begin to 

inhibit multiple Cre lines (increasing larger numbers of transfected cells) in combination with 

Npy1rFlp to test the total numbers vs. cell type hypothesis.  

 

4.4.3 Y1-INs may modulate neuropathic pain in humans 

            NPY binding sites have been noted in the superficial laminae of the mouse, rat, and monkey 

spinal cord DHs (Brumovsky et al., 2006; Ji et al., 1994; Kar and Quirion, 1992; Kopp et al., 2010; 

Sinha et al., 2021; Zhang et al., 1995, 1994). A growing body of preclinical evidence implicates 

spinal NPY as a potent inhibitor of a variety of preclinical models of pain, particularly neuropathic 

pain (Nelson and Taylor, 2021), however, it remains unclear if this will one day translate to a 

potential therapeutic for human chronic pain patients. Unfortunately, the field of pain is facing a 

preclinical-to-clinical translation crisis that is often driven by species variation from preclinical 

rodent models to humans (Mogil, 2019). Consequently, we began the first steps of addressing if 

Y1 agonism may be a viable future drug candidate for the bedside by examining evolutionary 

conservation of neuropeptide Y Y1 receptors across higher order mammalian species. Using FISH, 

we found that both Y1-INs and Y1-IN subpopulations are extensively conserved across the rhesus 

macaque and human spinal cord DHs (although Npff expression is sparse in human DH) (Figure 

4). Importantly, the Grp/Npy1r-IN population, the subpopulation that we believe is fundamental 
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to the manifestation of neuropathic pain, is abundant in the macaque and human spinal cords. The 

evolutionary conservation of Npy1r expression may demonstrate its functional importance across 

species. Further, we propose that Grp/Npy1r-INs are well positioned in the spinal cord of non-

human primates and humans to modulate neuropathic pain, and thus, represent a favorable 

pharmacotherapeutic target for future drug development. One caveat is that the human spinal cord 

tissue used in this study was from the cervical spinal cord (due to supply limitation) and the mouse 

and macaque tissue was lumbar spinal cord. However, in preliminary studies no differences were 

noted in expression of markers between cervical and lumbar tissue in the mouse (analysis 

performed by the Andrew Todd lab in Glasgow). Thus, while being a limitation we do not think 

the human results will greatly change in lumbar tissue. Another important point is that the human 

tissue had significant lipofuscin build up. It is unclear if lipofuscin alters the total expression of 

spinal mRNAs (as opposed to masking/hiding during microscopy). The use of younger human 

tissue would be ideal to avoid this aging-related pigment as much as possible (Moreno-García et 

al., 2018), however, alternatively we could repeat the macaque and mouse staining in aged tissue 

for direct comparison.  
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5.0 Endogenous μ-opioid – neuropeptide Y Y1 receptor synergy silences chronic 
postoperative pain in mice 

5.1 Introduction 

            Chronic postsurgical pain (CPSP) is a significant healthcare burden that afflicts millions of 

patients each year (Richebé et al., 2018; Thapa and Euasobhon, 2018). Despite this high 

prevalence, the biological mechanisms that underlie the transition from acute pain to CPSP remain 

poorly understood (Glare et al., 2019; Kehlet et al., 2006). The dorsal horn of the spinal cord (DH) 

processes somatosensory information and is a key driver of pathological pain states (Todd, 2010). 

Tissue injury sensitizes pro-nociceptive neurons in the DH, contributing to allodynia and 

hyperalgesia (Jensen and Finnerup, 2014; Kuner, 2010; Latremoliere and Woolf, 2009). However, 

accumulating evidence from human and animal studies suggest that after tissue injury-induced 

hyperalgesia resolves, sensitization in the DH persists within a long-lasting silent state of 

remission, termed “latent sensitization” (LS) (Gerum and Simonin, 2021; Bradley K. Taylor and 

Corder, 2014). 

 

            Following tissue injury and the subsequent resolution of hyperalgesia, intrathecal 

administration (i.t.) of selective antagonists at inhibitory Gαi/o G protein-coupled receptors 

(GPCRs), including μ-opioid receptors (MOR), kappa opioid receptors (KOR), neuropeptide Y 

Y1 receptors (Y1R), or several other receptors, unmask LS and reinstate hyperalgesia (Basu et al., 

2021; Corder et al., 2013; Fu et al., 2020, 2019; Solway et al., 2011; Walwyn et al., 2016). 

Remarkably, each antagonist was sufficient to produce a complete, not partial, reinstatement of 

hyperalgesia. This suggested to us that GPCRs interact in a complex manner, not just additively, 
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to maintain LS in remission. Indeed, individual cells express many GPCRs whose intracellular 

second messengers can interact to co-alter signaling (Cordeaux and Hill, 2002; Gupte et al., 2017; 

Hur and Kim, 2002; Selbie and Hill, 1998). For example, different GPCRs can activate the same 

G proteins (Alt et al., 2002; Yao et al., 2006). Thus, coincidental activation of second messenger 

pathways by co-activation of multiple GPCRs can elicit supra-additive (synergistic) amplification 

of the responses and produce a greater than additive leftward shift in the response curve (Aira et 

al., 2014; Bourne and Nicoll, 1993; Horioka et al., 2021; Philip et al., 2010). 

 

            Examples of spinal analgesic synergy between Gαi/o GPCR agonists exist in the 

pharmacology literature, including mu and kappa-selective or mu and delta-selective opiates 

(Schuster et al., 2015; Sutters et al., 1990), opiates and cannabinoids (Cichewicz, 2004; Grenald 

et al., 2017; Kazantzis et al., 2016), and opiates and α2-adrenergic receptor agonists (Chabot-Doré 

et al., 2015; Overland et al., 2009; Stone et al., 1997). The aim of this chapter is to test the 

hypothesis that surgical incision produces a tonic and long-lasting synergistic dependence on MOR 

and Y1R endogenous signaling to oppose the development of CPSP. 

5.2 Methods 

Animals  

            Adult C57Bl/6NCrl (Charles River, #027), Npy1rloxP/loxP (courtesy of Herbert Herzog, 

(Howell et al., 2003)), PirtCre (courtesy of Xinzhong Dong, (Kim et al., 2008)), and Lbx1Cre 

(courtesy of Carmen Birchmeier, (Sieber et al., 2007)) mice were group housed, provided access 

to food and water ad libitum, and maintained on a 12:12 hour light:dark cycle (lights on at 7:00am) 
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in temperature and humidity controlled rooms. Male and female mice were used in all experiments. 

No significant sex differences were observed. All experiments were carried out in accordance with 

guidelines from the International Association for the Study of Pain and with the approval of the 

Institutional Animal Care and Use Committees of the University of Pittsburgh. 

  

Drugs  

Table 6. Pharmacological agents used in this study 
Chemical Source Dilutant Information 

BIBO 3304 

trifluoroacetate 

TOCRIS – 

Cat:2412 

Diluted in a vehicle solution of ETOH, castor oil 

and saline in a 1:1:8 ratio 

CTOP TOCRIS – 

Cat:1578 

Diluted in saline 

PEAQX tetrasodium 

salt 

TOCRIS – 

Cat:5018 

Diluted in saline 

 

  

Intrathecal injections  

            As previously described (Corder et al., 2013; Fu et al., 2019; Solway et al., 2011),  the 

mouse was lightly restrained in a towel and a 30G  ½ inch needle attached to a 25-μl Hamilton 

microsyringe was inserted into the subarachnoid space between the L5/L6 vertebrae at an angle of 

30–45° to the horizontal plane. The needle was advanced until a reflexive tail flick was observed, 

at which time 5 μl of drug or vehicle was slowly administered. The needle was held in place for 

10 seconds, withdrawn, and then the mouse was returned to its testing chamber. 
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Synergistic Interaction/Isobologram Analysis 

            Drug interactions were evaluated by a statistical method known as isobolographic analysis 

in which the actual potency of two drugs in combination is compared to that predicted in the 

absence of an interaction (Tallarida, 2002). Isobolograms were constructed using the values 

obtained at the concentrations of the compounds administered alone and in combination that 

produced 50% of the possible maximum antinociceptive effect (ED50) in the Von Frey test. The 

theoretical dose required for a purely additive interaction (Zadd) with the S.E.M. for each 

combination at a 30:1 ratio was computed from the ED50 values of the single drugs as previously 

described (Tallarida, 1992). The area under the curve (AUC) of mechanical withdrawal testing 

was calculated using the trapezoidal rule (Tallarida et al., 1989). Concentration-dependent curves 

for each of the tested compounds were established according to the percentage of antinociceptive 

effect that was calculated from the AUCs. The antinociceptive effect (%) was obtained from the 

AUCs of the different treatments relative to the AUC for vehicle. Isobolographics were generated 

using JFlashCalc (http://www.u.arizona.edu/~michaelo/jflashcalc.html) and reconstructed in 

GraphPad Prism 9. 

 

  

https://nam12.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.u.arizona.edu%2F%7Emichaelo%2Fjflashcalc.html&data=05%7C01%7CTSN11%40pitt.edu%7C18e99aefbcc84b318b9f08da5e1609bc%7C9ef9f489e0a04eeb87cc3a526112fd0d%7C1%7C0%7C637925746003863371%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=QC07KOEjj%2FEkMzsDPzn6T16R6vMOEdamSe9AoG3lrus%3D&reserved=0
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The interaction index was calculated as follows: 

A = ED50 from drug A alone (CTOP) 

B = ED50 from drug B alone (BIBO 3304) 

“a” and “b” = combination doses from the respective drugs based on the ED50 of the combination 

 

𝑎𝑎
𝐴𝐴

+
𝑏𝑏
𝐵𝐵

= 𝑦𝑦  

 

0.006
260

+
0.193

8
= 𝑦𝑦  

 

0.00002308 + 0.024125 = 𝑦𝑦  

 

0.02 = 𝑦𝑦  

 

*Note that γ = 1 is additive, γ < 1 is supra-additive (synergistic), and γ >1 is sub-additive 

(antagonistic) 

  

Plantar Incision Model  

            Post-operative hyperalgesia was induced by longitudinal incision of the plantaris muscle 

as previously described (Basu et al., 2021; Pogatzki and Raja, 2003). Following antisepsis of the 

left hind paw with Chlorascrub® and 70% ethanol, a #11 scalpel blade was used to make a 5mm 

incision through the skin and fascia, beginning 2mm from the proximal edge of the heel and 

extending towards the digits. The underlying muscle was raised with a curved forceps, extended 4 
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mm, and then incised longitudinally with the #11 scalpel blade, all while leaving the origin and 

insertion of the muscle intact. The overlying skin was closed with synthetic 5-0 sutures (PDS*II, 

Ethicon). Surgery was typically completed within 5-10min. Surgeries were conducted under 

isoflurane anesthesia (5% induction followed by 1.5% - 2.0% maintenance). After suturing of the 

skin, triple antibiotic ointment (Neosporin, Johnson and Johnson) was applied to the surgical area. 

The sutures were removed 10 days after surgery.  

  

Behavioral Testing  

            Mechanical hypersensitivity: Sensitivity to a non-noxious mechanical stimulus was tested 

with an incremental series of 8 von Frey monofilaments of logarithmic stiffness (Stoelting, Wood 

Dale, IL) that ranged in gram force from 0.008g to 6g. The stimulation was applied lateral to the 

suture line. Filaments were applied to the skin with a slight bending of the filament for a maximum 

of 5 seconds. A clear withdrawal of the paw from the application of the stimulus was recorded as 

a positive response. The 50% withdrawal threshold was determined using the up-down method 

(Chaplan et al., 1994). Before commencement of each von Frey session, we acclimated the animals 

within individual Plexiglas boxes placed on the top of a stainless-steel mesh platform for 45 min.  

  

            Conditioned place aversion: A two-day conditioning protocol using a biased chamber 

assignment was used for conditioned place aversion (CPA). On the acclimation day (Day 0), mice 

had free access to explore all chambers of a 3-chamber conditioned place testing apparatus (side 

chambers: 170 x 150 mm; center chamber: 70 x 150 mm; height: 200 mm; San Diego Instruments) 

for 30 mins. Mice were able to discriminate between chambers using visual (vertical versus 

horizontal black-and-white striped walls) and sensory (rough versus smooth textured floor) cues. 
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For pre-conditioning (Days 1 and 2), mice were again allowed to freely explore for 30 mins during 

which their position was recorded via a 4 x 16 infra-red photobeam array and associated software 

(San Diego Instruments). For conditioning (Days 3-4), each mouse’s non-preferred chamber was 

paired with a vehicle i.t. injection and the preferred chamber with a BIBO:CTOP combo i.t. 

injection. Each morning mice received an i.t. vehicle injection, were returned to their home cage 

for 5 min (to disassociate the injection with the chamber), and were then placed in the designated 

side chamber for 60 min. 6 hours later, mice received BIBO:CTOP combo (10ng, i.t.), were 

returned to their home cage for 5 min, and were placed into the BIBO:CTOP combo-designated 

chamber for 60 min. On test day (Day 5), mice could freely explore all chambers and their position 

was recorded as during pre-conditioning for 30 min. Difference scores were calculated as the time 

spent in the chamber on test day minus the time spent in the same chamber during pre-conditioning. 

  

            Touch-evoked phosphorylated extracellular signal-regulated kinase (pERK): pERK was 

evoked by touch stimulation as previously described (Fu et al., 2019). 21 days after PIM, mice 

received either i.t. injections of vehicle, BIBO 3304 9.7ng, CTOP 0.3ng, or COMBO 10ng (BIBO 

9.7ng + CTOP 0.3ng). One hour later, mice were lightly anesthetized with isoflurane (1.5%), and 

the ventral surface of the ipsilateral hindpaw was mechanically stimulated with a gentle 3-s stroke 

with a cotton swab from heel to toe. This was repeated every 5s for 5min. After an additional 5 

min pause, mice were more deeply anesthetized with isoflurane and transcardially perfused with 

ice cold 0.01M phosphate buffered saline (PBS, Fischer Scientific), followed by 10% phosphate 

formalin buffer. Lumbar spinal cords were harvested and post-fixed in the same fixative overnight 

at 4 °C and then cryoprotected with 30% sucrose until total submersion (1–3 days).  
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Immunohistochemistry  

            Transverse spinal cord sections (30 μm) from L3-L5 were cut on a sliding microtome 

(Leica, SM, 2000R). A series of sections, each 240 μm apart, were washed in 0.01M PBS, blocked 

in 3% normal serum (goat; Gemini Bioproducts) containing 0.3% Triton X-100 (Sigma Aldrich) 

in 0.01M PBS for 1 h, and then incubated with primary rabbit antibody anti-phosphorylated-

ERK1/2 antiserum (1:1000, Cell Signaling) at 4 °C for 24h on a shaker. The following day, 

sections were again washed in 0.01M PBS and incubated for 1 h at room temperature with the 

secondary conjugated antibody (1:1000, Invitrogen: goat anti-rabbit Alexa Fluor 488). The 

sections were washed in 0.01M phosphate buffer, mounted and coverslipped with 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI. At least six good quality 

sections from segment L4 were selected from each subject for microscopy.  

  

Fluorescence in situ Hybridization (FISH) (RNAscope)  

            Mice were transcardially perfused with ice cold 1x PBS followed by 10% buffered formalin 

and spinal cords and DRGs were extracted via blunt dissection, postfixed in 10% formalin (2-4 

hrs), and then placed in 30% sucrose at 4°C until the tissue sank (~48-72 hrs). 20μm thick L3-L4 

floating spinal cord sections were obtained on a vibrating microtome, and 12μm thick L3-L4 DRGs 

were cut on a cryostat and mounted on Superfrost Plus Microscope slides and air dried overnight 

at room temperature. Slides underwent pretreatment for fluorescence in situ hybridization 

consisting of 10 min Xylene bath, 4 min 100% ethanol bath, and 2 min RNAscope® H2O2 

treatment. Next, the FISH protocol for RNAscope Fluorescent v2 Assay (ACD) was followed for 

hybridization to marker probes. Slides were then coverslipped with VECTASHIELD HardSet 

Antifade Mounting Medium with DAPI.  
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Microscopy  

            All images were captured on a Nikon Eclipse Ti2 microscope using a 20x or 40x objective 

and analyzed using NIS-Elements Advanced Research software v5.02. An examiner blinded to 

treatment and sex counted the number of positive pERK cells in laminae I-II. Cells with at least 3 

puncta associated with a DAPI nucleus were considered positive for fluorescence in situ 

hybridization.  

  

Statistical Analyses 

            All data are presented as means ± SEM. Statistical significance was determined as *P < 

0.05. The effects of Drug and Time were analyzed by two-way analysis of variance (ANOVA), 

followed by Sidak`s multiple comparison tests. Data from dose-response curves were also 

analyzed as area under the curve using the trapezoidal method and used to produce the non-linear 

regression analyses of Maximum Possible Effect (% MPE). MPE were used to determine the ED50 

for each drug. %MPE was calculated as follows: % MPE = 100 * (post-injection threshold – pre-

injection threshold)/(post-injury threshold – pre-injection threshold).  All statistical analyses were 

performed in GraphPad Prism 9.0. GraphPad Prism and Biorender.com were used to make the 

graphics. 



 182 

5.3 Results 

5.3.1 MOR and Y1R are co-expressed in DRG and DH 

            Synergistic interactions between MOR and Y1R may be mediated by either 1) intracellular 

mechanisms in which receptors located on the same cell produce interactions at the level of 

intracellular signaling cascades, or 2) via intercellular mechanisms which involve coincident 

inhibition of two neurons in series in the same anatomical pathway or a retrograde feedback 

mechanism (Chabot-Doré et al., 2015). First, we examined MOR and Y1R localization using 

fluorescence in situ hybridization for Oprm1 and Npy1r and we found colocalization in cells in the 

lumbar dorsal root ganglion (DRG) (Figure 32A-B) and DH (Figure 32C-D). Thus, MOR and 

Y1R intracellular cross-talk in neurons in both DRG and DH is plausible to produce synergistic 

intracellular signaling. 
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Figure 32. Y1R and MOR synergistically oppose LS. 

Fluorescence in situ hybridization demonstrating colocalization of Oprm1 and Npy1r in the same cells in both 

lumbar DRG (A-B) and DH (C-D). B and D represent zoomed in box insets for A and C, respectively. Schematic 

depictions of plantar incision (E) and intrathecal injections into the mouse to target the spinal cord (F). Dose-

response time courses of reinstatement of hyperalgesia after intrathecal (i.t.) administration of BIBO3304 (G), 

CTOP (H), or BIBO3304 and CTOP in combination (I-J) (n=3-8/group). Dose response effects of antagonist-

induced reinstatement. MPE: maximum possible effect. AUC: area under curve (K). Isobolographic analysis of 

interaction between BIBO3304 and CTOP and red dot indicating interaction index of 0.02, a measure of drug 

synergism by which a value < 1.0 is determined to be synergistic (L). Data presented as mean ± SEM. Significance 

determined with two-way RM ANOVAs followed by post hoc if applicable with *P<0.05, **P<0.01, and 

***P<0.001. 
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5.3.2 MOR and Y1R signaling work synergistically to oppose CPSP 

            Next, we performed plantar incision of the hindpaw (PIM), a model of postoperative pain 

(Figure 32E) that produces robust mechanical hyperalgesia that resolves within 21 days. 

Following resolution of hyperalgesia, i.t. administration (Figure 32F) of a MOR antagonist 

(CTOP) or a Y1R antagonist (BIBO3304) dose-dependently reinstated mechanical 

hypersensitivity with an ED50 of 260ng and 8ng, respectively (Figure 32G-H). Thus, CTOP 

exhibits a 30-fold difference in potency compared to BIBO3304, and we assessed synergistic 

interactions with a fixed ratio (30:1) isobologram method (Tallarida, 2016, 1992) (Figure 32I). 

BIBO3304 and CTOP combination (BIBO:CTOP) reinstated mechanical hypersensitivity with 

robust effects at even a remarkably low 100pg dose (Figure 32J). BIBO:CTOP produced a large 

leftward shift in the dose-response curve as compared to either BIBO3304 or CTOP administered 

alone (Figure 32K), and the isobolographic analysis revealed a synergistic interaction (Figure 

32L). Additionally, BIBO:CTOP (10ng, i.t.) dramatically increased the light touch-evoked 

expression of phosphorylated extracellular signal-regulated kinase (pERK) in superficial DH 

neurons, a proxy for neuronal activation (Figure 33A-E), and produced a robust conditioned place 

aversion in mice with plantar but not sham incision (Figure 33F-G). 
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Figure 33. DH but not DRG Y1R and MOR synergy opposes a GluN2-driven LS. 

Representative images (A-D) and DH laminae I-II quantification of light touch-evoked pERK after intrathecal drug 

administration (E) (n=3-4). Experimental timeline (F) and quantification for conditioned place aversion testing (G) 

(n=11-12/group). Fluorescence in situ hybridization demonstrating loss of Npy1r expression in the DRG of 

Npy1rloxP/loxP x PirtCre mice and SC of Npy1rloxP/loxP;Lbx1Cre mice (H). BIBO:CTOP reinstated PIM-induced 

mechanical hyperalgesia in Npy1rloxP/loxP and Npy1rloxP/loxP;PirtCre mice but not in Npy1rloxP/loxP;Lbx1Cre mice (I) 

(n=6-9/group). GluN2a NMDAR subtype antagonist, PEAQX (100ng, i.t.) prevented BIBO:CTOP-induced 

reinstatement of mechanical hyperalgesia (J) (n=7-8). Data presented as mean ± SEM. Significance determined 

using three- (H) or two-way RM ANOVAs (G, I) followed by post hoc if applicable with *P<0.05, and **P<0.01. 

  



 186 

5.3.3 MOR and Y1R signaling within DH rather than DRG neurons works synergistically 
to oppose LS 

            Intrathecally administered chemicals can engage both DH and DRG neurons. To resolve 

the specific site of action for BIBO:CTOP, we crossed Npy1rloxP/loxP mice with either PirtCre  or 

Lbx1Cre mice to conditionally knockout Npy1r in the DRG or DH, respectively (Figure 33H). 

BIBO3304:CTOP (10 ng, i.t.) reinstated PIM-induced mechanical hypersensitivity in both control 

(Npy1rloxP/loxP) and DRG conditional knockout mice (Npy1rloxP/loxP;PirtCre), but not in DH 

conditional knockout mice (Npy1rloxP/loxP;Lbx1Cre) (Figure  33I). These data suggest that MOR 

and Y1R signal within DH neurons, rather than DRG neurons, to synergistically oppose LS and 

maintain postoperative pain in remission. 

 

5.3.4 Spinal LS is dependent on GluN2A NMDA receptors. 

            Previously, we demonstrated that a N-methyl-D-aspartate receptor (NMDAR) blocker, 

MK-801 (dizocilipine), prevented either Y1R (Fu et al., 2019) or MOR (Corder et al., 2013) 

antagonist-induced reinstatement of peripheral inflammatory pain. Thus, we hypothesized that 

NMDARs, in particular the GluN2A subunit, also mediate the LS that is unmasked by 

BIBO:CTOP. To test this, we co-administered the GluN2A-preferring NMDAR antagonist, 

PEAQX (100ng, i.t.), with BIBO:CTOP (10ng, i.t.). PEAQX, but not vehicle, abolished the 

BIBO:CTOP-induced reinstatement of mechanical hypersensitivity (Figure 33J). These data 

suggest that MOR and Y1R signaling synergistically opposes a GluN2A-mediated latent 

postoperative pain sensitization and thus maintains postoperative pain in remission (Figure 34). 
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Figure 34. Proposed schematic of cellular pathways involved in endogenous NPY and opioid synergistic pain 

inhibition. 

We propose that following the resolution of injury, endogenous anti-nociceptive peptides (e.g. enkephalins, 

endorphins, NPY) interact with MOR and Y1R in a synergistic manner to maintain LS in remission. However, this 

long-lasting Gαi/o-coupled GPCR activity produces heterologous sensitization of adenylyl cyclase 1 (AC1). We 

hypothesize that both MOR and Y1R share a common pool of AC1, thus, potent activation or blockade of either 

MOR or Y1R can prevent or produce a cAMP overshoot and the reinstatement of hyperalgesia, respectively. This 

idea largely is proposed from the work of (Levitt et al., 2011). 
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5.4 Discussion 

            Cells must integrate multiple signals from an array of receptors at any given moment. One 

of the most fundamental and evolutionarily conserved signaling mechanisms is GPCR activation, 

which is classically viewed as a compartmentalized cellular event in which a ligand binds a 

receptor to activate a specific signaling pathway distinct from other GPCRs. (Gurevich and 

Gurevich, 2020; Hur and Kim, 2002; W. Wang et al., 2018). However, researchers are uncovering 

examples of how GPCRs and their intracellular second messengers might interact within a cell to 

supra-additively co-alter signaling (Cordeaux and Hill, 2002; Gupte et al., 2017; Horioka et al., 

2021; Hur and Kim, 2002; Overland et al., 2009; Schuster et al., 2015; Selbie and Hill, 1998). For 

the first time, we report an endogenous analgesic synergy between MOR and Y1R signaling that 

persists beyond the resolution of hyperalgesia and injury to maintain CPSP in remission. Modest 

failure in either Y1R or MOR compensatory signaling may underlie the physiological vulnerability 

to remission and the development of CPSP.  

 

            MOR and Y1R are Pertussis toxin-sensitive Gαi/o-coupled GPCRs; thus, upon initial 

receptor activation, the Gαi/o subunit potently inhibits adenylyl cyclase to reduce the production of 

cAMP. The free Gβγ counterpart acts as a signaling molecule to activate downstream signaling 

pathways that include activation of G protein-coupled inwardly-rectifying K+ channels (GIRKs) 

and inhibition of voltage-gated Ca2+ channels to reduce the excitability of neurons (Yudin and 

Rohacs, 2018). Paradoxically, prolonged activation of Gαi/o GPCRs enhances the activity of 

adenylyl cyclase and markedly increases cAMP production. This cellular phenomenon is referred 

to as heterologous sensitization (otherwise referred to as supersensitization, cAMP overshoot, 

cAMP superactivation) and is readily apparent upon removal of the agonist (Brust et al., 2015; 
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Sharma et al., 1975; Watts, 2002). Interestingly, blockade of MOR constitutive activity in the 

setting of LS produces heterologous sensitization of adenylyl cyclase 1 (AC1) (Corder et al., 2013). 

This likely occurs for spinal Y1Rs as well, as the endogenous ligand, NPY, also produces 

heterologous sensitization (Drakulich et al., 2003), and Y1R antagonism-induced reinstatement of 

pain-like behavior is lost in AC1 knockout mice (Fu et al., 2020, 2019). Our current results suggest 

that endogenous anti-nociceptive peptides (e.g. enkephalins, endorphine, NPY) interact with MOR 

and Y1R in a synergistic manner to maintain LS in remission. Gαi/o-coupled GPCRs share a 

common pool of adenylyl cyclase, thus, when one Gαi/o-coupled GPCR produces heterologous 

sensitization, administration of a different Gαi/o GPCR agonist can prevent subsequent cAMP 

overshoot (Levitt et al., 2011). As schematized in Figure 34, we suggest that endogenous MOR 

and Y1R activity synergistically inhibit AC1 while counter adaptively also producing a 

heterologous sensitization of AC1. Antagonism of the synergistically interacting, LS-inhibiting, 

Gαi/o-coupled GPCRs is therefore sufficient to evoke a cAMP overshoot and unmask LS to 

produce a complete reinstatement of hyperalgesia. 

 

            The molecular mechanisms underlying the endogenous MOR and Y1R synergy remain 

unknown, but several possible mechanisms exist. First, MOR and Y1R may form receptor-receptor 

interactions, such as the formation of heterodimers (Cordeaux and Hill, 2002; Selbie and Hill, 

1998). The formation of heterodimers or oligomerization between GPCR receptors can markedly 

potentiate signal transduction (Jordan and Devi, 1999; Levac et al., 2002). Second, MOR and Y1R 

may undergo signal transduction interactions. The assumption is that Y1R and MOR coexist on 

neurons and share a common pool of G proteins; therefore, activation of one receptor may cause 

redistribution of its G proteins and increase the sensitivity of the other receptor. For example, 
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binding of an endogenous ligand, such as NPY to Y1R, may shift the affinity of endogenous ligand 

binding to the separate GPCR MOR (Djellas et al., 2000). Additionally, both MOR and Y1R may 

synergistically work through downstream effectors. The free Gβγ released from the agonist-

induced dissociation of both the MOR and Y1R Gi heterotrimers may co-activate protein kinase C 

(PKC), phospholipase C (PLC) (Overland et al., 2009; Yao et al., 2003), or protein kinase C epsilon 

(PKCε) (Schuster et al., 2015) to synergistically oppose LS. Third, peptide hormones like NPY 

can modulate neurotransmission by recruiting other GPCRs from the interior of the cell to the cell 

membrane (Holtbäck et al., 1999). Coincident activation of Y1R and MOR may allow recruitment 

of MORs to the cell membrane and a sensitization of MOR signal transduction (Achour et al., 

2008; Cahill et al., 2007; Holtbäck et al., 1999). Future experiments should further evaluate how 

Y1R and MOR interact mechanistically to promote endogenous synergy. 

 

            The current study establishes the existence of supra-additive endogenous MOR and Y1R 

signaling in the spinal cord DH that maintains LS in remission. Further, we provide a strong basis 

for future investigations of the mechanisms involved in MOR-Y1R endogenous synergistic 

signaling and the cellular subpopulations in the DH that drive LS. 
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6.0 Final Discussion 

            The aim of this thesis was to test the overarching hypothesis that exogenous or endogenous 

spinal neuropeptide Y potently inhibits the behavioral signs of chronic pain via inhibiting pain 

facilitatory Y1 receptor-expressing dorsal horn interneurons. We designed and implemented 

studies that implicate spinal Y1-INs as both necessary and sufficient for the manifestation of 

neuropathic pain. Additionally, we determined that the specific spinal receptor site for NPY-

induced anti-allodynia in pre-clinical models of neuropathic pain is at Y1 on Y1-INs. Further, we 

present how endogenous NPY-Y1 signaling at Y1-INs can synergistically interact with mu opiate 

receptor signaling to maintain chronic postsurgical pain in remission. In our proposed model, Y1-

INs become hyperexcitable following peripheral injury and promote pain-like behavior. 

Consequently, endogenous or exogenous NPY, acting via the Gi-coupled Y1 receptors on Y1-INs, 

can dampen central and/or latent sensitization (Figure 3) to potently inhibit the behavioral signs 

of chronic pain (Figure 35A). 

6.1 Evolutionary considerations: what is the neurobiological role of Y1-INs and is there an 
advantage of “maladaptive” pain plasticity? 

            Npy1r-expressing interneurons account for ~25% of the total excitatory interneurons in the 

superficial spinal cord DH (Figure 29). One would predict that such a large neural population is 

biologically/evolutionarily important for survival. Specifically, I theorize that Y1-INs were 

selected for through evolution as they allow the fine-tuned sensory processing of thermal and cold 

stimuli in the spinal cord dorsal horn.  In a healthy (non-injured) setting, Y1-INs are necessary for 

responding to acute nociceptive stimuli and the accurate perception of both cold and heat stimuli. 
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Specifically, this is demonstrated with ablation of Y1-INs with NPY-saporin. NPY-saporin 

reduces hindpaw licking and guarding in a 44 °C hotplate assay of affective pain, reduces ongoing 

nociception during both phases of the response to intraplantar injection of dilute formalin, and 

reduces aversion to a 10 °C cold plate (Lemons and Wiley, 2012; Wiley et al., 2009). Further, 

intrathecal administration of NPY reduces formalin-evoked pain responses and increases the 

latency to withdrawal on a hot plate equivalent to morphine administration (Hua et al., 1991; 

Mahinda and Taylor, 2004; Taiwo and Taylor, 2002). These behavioral phenotypes match well 

with both Y1-INs’ location in the superficial dorsal horn (found throughout superficial laminae I-

II) as well as the histochemical characterization of Y1-INs. First, heat- and cool-responsive stimuli 

are transmitted primarily via primary afferents expressing TRPV1(Caterina et al., 1997) and 

TRPM8 (Peier et al., 2002), respectively. The central terminals of these primary afferent neurons 

primarily terminate with superficial laminae I-II (Cavanaugh et al., 2011; Dhaka et al., 2008; 

Wrigley et al., 2009). Additionally, within the spinal cord dorsal horn, heat-responsive (Tsubaki 

and Yokota, 1983) and cool-responsive (Wrigley et al., 2009) neurons are found in superficial 

laminae I-II. Recently, histochemical identities of dorsal horn heat and cold response neurons have 

been uncovered (Horwitz et al., 2022; Wang et al., 2022). Specifically, heat-responsive dorsal horn 

neurons express ERBb4 (Wang et al., 2022) and cold-responsive neurons express calbindin (while 

also being somatostatin lacking) (Horwitz et al., 2022). In this dissertation I present that Y1-INs 

in the rat dorsal horn extensively colocalize with calbindin (36.06% overlap), but I do not know if 

this is the somatostatin-negative population.  I predict that Y1-INs will extensively colocalize with 

both heat- and cold-responsive markers, and future studies can address this hypothesis.  
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            Y1-INs are involved in the acute response to noxious pain and nociceptive sensitization. 

Nociceptive sensitization produced by non-lethal injury is an evolutionarily conserved phenomena 

across most species, and while inconvenient/uncomfortable, this sensitization is actually an 

adaptive response that enhances responsiveness to threats and increases rates of survival (Crook 

et al., 2014). Unfortunately, this adaptive sensory responsiveness can become maladaptive in the 

context of chronic pain. Numerous theories exist about how acute pain becomes pathological 

including: hyperalgesic priming of nociceptors (Reichling and Levine, 2009), failure in 

endogenous inhibitory G protein signaling (Gerum and Simonin, 2021; B.K. Taylor and Corder, 

2014), loss of descending inhibition from the rostral ventral medulla to the spinal cord (Chen and 

Heinricher, 2019; De Felice et al., 2011; Ossipov et al., 2014), and long-term net 

excitation/inhibition balances in somatosensory processing at both the spinal (Kopach et al., 2017; 

Lee et al., 2019; Zeilhofer et al., 2012a) and supraspinal levels (Cheriyan and Sheets, 2020; Petrou 

et al., 2012; Potter et al., 2016). The work in this dissertation demonstrates that Y1-IN activation 

is sufficient to drive robust pain-like responses and that peripheral nerve injury increases the 

excitability of Y1-INs. However, further work is required to understand exactly how Y1-INs 

transition from the processing of acute pain responses to driving chronic pain. In summary, Y1-

INs normally respond to acute nociceptive stimuli to enhance responsiveness to threats/ increase 

survival, however, in the context of peripheral nerve injury, Y1-INs become hyperexcitable and 

engage in maladaptive pain signaling. 
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6.2 Neuropeptide Y1 receptor-expressing neuron hyperexcitability as a mechanism for the 

manifestation of chronic neuropathic pain? 

            The balance between excitation and inhibition in the spinal cord DH is central to normal 

somatosensory function (Todd, 2010). Our neurophysiological recordings demonstrate that SNI 

dramatically increases the excitability of Y1-INs. This increased excitability following peripheral 

nerve injury is consistent with an enduring increase in the excitability found within sensory circuits 

in chronic pain states often denoted as “central sensitization" (Latremoliere and Woolf, 2009). In 

our neurophysiological recordings from Y1-INs, we found both an increase in the frequency and 

amplitude of sEPSCs. These results mirror the effects of chronic constriction injury (CCI) or sciatic 

nerve axotomy, two other models of peripheral nerve injury, and also the effects of brain derived 

neurotrophic factor (BDNF) application in uninjured animals on the excitatory neurotransmission 

to excitatory interneurons in the DH (Balasubramanyan et al., 2006; Chen et al., 2009; Smith, 

2014). Conversely, we show that artificial chemogenetic or optogenetic excitation of Y1-INs in 

uninjured mice is sufficient to induce a neuropathic pain-like phenotype.  

 

            Therefore, we suggest that Y1-INs function like a pain rheostat: noxious stimuli increase 

the activity of Y1-INs to promote pain, whereas their subsequent inhibition reduces pain-like 

behaviors (Figure 35A). SNI represents a severe/persistent pain model in which the rheobase is 

permanently shifted to a pro-pain state. However, transient/less severe/short-lived injuries, such as 

complete Freund’s adjuvant-induced inflammation (Fu et al., 2019), plantar incision (Figure 32), 

or spared tibial peripheral nerve injury (a milder form of peripheral nerve injury (Fu et al., 2020; 

Solway et al., 2011)) shift the rheobase to nociception temporarily, but the hypersensitivity 

eventually resolves and the rheostat is returned to the original set point. This reset point is achieved 
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through the endogenous release of NPY to inhibit hyperexcitable Y1-IN activity (perhaps achieved 

with the synergistic assistance of other pain inhibitory GPCRs as shown in Chapter 5). Indeed, 

we have repeatably demonstrated that intrathecal administration of NPY Y1 receptor antagonists, 

or conditional NPY knockdown,  reinstates mechanical, cold, and affective hypersensitivity 

following peripheral inflammation, incision, or a milder form of peripheral nerve injury (Fu et al., 

2020, 2019; Solway et al., 2011) (Figure 32). This suggests an endogenous, tonic inhibition of 

pain facilitatory Y1-INs via NPY-INs. In the context of mild injury, when dorsal horn inhibition 

is reduced, NPY-INs can release NPY to inhibit hyperexcitable Y1-INs and return the DH to a 

homeostatic set point. However, if major injury occurs and chronic pain does not resolve, 

alternatively, our results suggest that exogenous administration of NPY Y1 agonists at the spinal 

cord can inhibit Y1-INs to potently reduce pain-like behavior. 
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Figure 35. The proposed contribution of Y1-INs to the gate control theory of pain and the ascending 

peripheral nerve injury-induced mechanical allodynia model in the dorsal horn. 

(A) Graphical abstract summarizing key data from this manuscript implicating Npy1r-expressing interneuron 

excitability in the manifestation of pain. (B) Schematic showing the modified gate control theory of pain. ‘‘T 

CELL’’ represents a spinal pain transmission neuron that we speculate is a Y1-IN. ‘‘INHIBITORY NEURON’’ is 

an inhibitory neuron that we speculate is a NPY-IN. ‘‘(+)’’ and ‘‘(-)‘‘ represent excitatory and inhibitory inputs, 

respectively. The “ACTION SYSTEM” denotes a behavioral response to a T cell activation. The CENTRAL 

CONTRAL describes descending modulation from the brain that was not studied here. (C) Innocuous mechanical 

inputs activate Aß/Aδ myelinated afferents (red) that project into deeper laminae of the dorsal horn and synapse onto 

interneurons marked by the expression of cholecystokinin (CCK) (purple) and protein kinase C γ (PKCγ) (yellow). 

Normally, feedforward inhibition prevents the activation of these interneurons and as a result light touch is 
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perceived as non-painful. However, in the context of neuropathic pain, feedforward inhibition onto PKCγ 

interneurons is lost and innocuous light touch inputs activate a theorized dorsally-directed microcircuit to allow 

innocuous light touch sensory information to be perceived as painful. In this theorized circuit, activated PKCγ 

interneurons excite transient central cells (speculated as Y1-INs), that in turn synapse onto vertical cells, which then 

activate ascending projection neurons (PNs) that travel via the spinothalamic and spinoparabrachial tracts to be 

processed via higher order pain centers such as the lateral parabrachial nucleus. Inhibitory NPY interneurons (light 

grey) may “gate” some of these nociceptive inputs at the Y1-IN and normally prevent these neurons from being 

activated and driving pain-like behaviors. Exogenous NPY or Y1 agonist binding to the Gi-coupled NPY Y1 

receptor results in inhibition of Y1-INs and thus the abolishment of peripheral nerve injury-induced mechanical 

allodynia. 

6.3 Cell type-specific interrogation of in vivo Y1-INs finds a key role in the manifestation of 
pain 

            One of the most influential circuit models in the substantia gelatinosa (lamina II) of the DH 

is the “Gate Control Theory of Pain” posited by Melzack and Wall in 1965 (Melzack and Wall, 

1965). In this model, innocuous mechanosensory inputs to the spinal cord are unable to activate a 

pain transmission neuron (T cell) due to activation of a feedforward inhibitory neuron (a “gate”). 

However, reduced inhibition allows innocuous inputs to activate the T cell during chronic pain 

states. With modern genetic technologies, researchers can now permanently or transiently 

activate/inhibit/ablate spinal excitatory interneuron populations in vivo to test predications about 

the identity of the pain-transmitting T cells (Duan et al., 2018). To this end, we found that cell 

type-specific activation of excitatory Y1-INs elicited spontaneous nocifensive behaviors, 

mechanical and thermal hypersensitivities, and conditioned place aversion. Conversely, 
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chemogenetic inhibition of Y1-INs reduced pain-like behavior. These data indicate that Y1-INs 

function much like a pain-transmitting T cell as envisioned by Melzack and Wall. 

 

            Previously it was conjectured that DH SST-INs represent the T cell in the gate control 

theory of pain as their ablation prevented the induction of both neuropathic and inflammatory 

allodynia (Duan et al., 2014). Subsequently, it was shown that chemogenetic or optogenetic 

activation of SST-INs induced spontaneous nocifensive behaviors, mechanical and thermal 

hypersensitivities, and conditioned place aversion (Christensen et al., 2016). These functional 

results are markedly similar to our Y1-IN chemogenetic and optogenetic activation data, likely 

due to the extensive overlap of Y1-INs with SST-INs (Chamessian et al., 2018; Nelson et al., 2019; 

Nelson and Taylor, 2021). These results are also consistent with NPY-saporin lesion studies which 

find a primary role for Y1-INs in the development and maintenance of both neuropathic and 

inflammatory pain (Lemons and Wiley, 2012; Nelson et al., 2019). Thus, Y1-INs are likely a subset 

of the SST population that is sufficient for nocifensive behaviors and fundamental to the 

manifestation of peripheral nerve injury-induced mechanical pain. 

 

            High-throughput, unbiased, transcriptomic analyses have revolutionized the 

characterization of interneuron populations in the dorsal horn (Häring et al., 2018; Russ et al., 

2021). For example, Häring et al used unbiased single-cell RNA-sequencing of dorsal horn and 

found Npy1r to be selectively enriched in excitatory neurons, namely the glutamatergic clusters 

Glut2, Glut8, and Glut9 (Fig 36A) (Häring et al., 2018). Similarly, we find that spinal Y1-INs 

segregate into three predominate glutamatergic neural subpopulations demarcated by the co-

expression of Npy1r with the genes Cck, Npff, or Grp. Further, we demonstrate that Y1-INs that 
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co-express Npy1r and Grp are fundamental for the manifestation of the behavioral signs of 

neuropathic pain. These neurons likely correspond to the Glut8 cluster from Häring et al.’s single-

cell RNA sequencing database. Thus, future studies should further analyze the Glut8 cluster (Reln+, 

Nmur2+, Npff- neurons (Figure 36B)) in neuropathic pain which likely is the Sst/Grp/Npy1r 

population necessary for the manifestation of neuropathic pain. For instance, the synthesis of an 

Nmur2Cre mouse or perhaps an intersectional approach that develops and utilizes a Npy1rFlp mouse 

crossed with a GrpCre mouse will allow future investigators to perform more advanced analyses in 

the Glut8 subpopulation to better define its’ role in neuropathic pain. 

 

 

Figure 36. Häring et al. detected Npy1r in the Glut2, Glut8, and Glut9 subpopulations. 

(A) Single-cell RNA sequencing detected Npy1r in three dorsal horn glutamatergic subpopulations: Glut2, Glut8, 

and Glut9. (B) The Glut8 cluster is Reln+, Nmur2+, Npff- neurons. 

 

            One limitation of our work is that it does not address the identity of the inhibitory neuron 

that “gates” Y1-INs. However, we propose that Y1-INs are normally under strong inhibition from 

NPY-expressing inhibitory interneurons. Indeed, Y1-INs receive direct and functional synaptic 
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contacts from inhibitory NPY-expressing interneurons (Acton et al., 2019).  We believe that 

pharmacological lesioning (Figure 12) or chemogenetic inhibition of Y1-INs does not alter 

baseline responsiveness to mechanical or cold stimuli for this reason (Figure 18) because 

inhibition of an already silenced interneuron population has no net effect. However, following 

peripheral injury, Y1-INs lose their inhibition, become hyperexcitable, and drive pain; 

consequently, their chemogenetic inhibition potently reduces pain-like behavior. Further support 

of the idea for NPY-expressing neurons as the gate comes from recent work chemogenetically 

activating inhibitory NPY-expressing neurons and potently reducing both neuropathic behavioral 

and spinal molecular signs of hyperalgesia (Tashima et al., 2021). We propose that the 

chemogenetic activation of NPY-inhibitory interneurons results in indirect Y1-IN inhibition 

(gating) to prevent allodynia. In summary, our study indicates that Npy1r-expressing neurons in 

the DH are the T cells in the model put forward by Melzack and Wall (Melzack and Wall, 1965) 

(Figure 35B). 

6.4 Proposed model of Y1-INs within an ascending dorsal horn microcircuit that develops 
after nerve injury 

            Our understanding of the chronic pain circuits underlying mechanical allodynia are limited 

and as a result therapeutic intervention remains ineffective. Because of this gap in knowledge and 

the large unmet therapeutic demand, numerous investigators are actively working to unravel the 

neural populations and circuits that underlie mechanical allodynia (Alba-Delgado et al., 2018, 

2015; Artola et al., 2020; Duan et al., 2014; Liu et al., 2018; Lu et al., 2013; Miracourt et al., 2007; 

Moehring et al., 2018; Nelson et al., 2019; Peirs et al., 2021, 2020, 2015; Peirs and Seal, 2016; 

Petitjean et al., 2015; Schoffnegger et al., 2008; Tashima et al., 2021; Watanabe et al., 2017). Our 
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work implicates Y1-INs as a key neuron population in the manifestation of peripheral nerve injury-

induced mechanical allodynia. Currently, mechanical allodynia is hypothesized to occur via a 

polysynaptic DH microcircuit that allows A-fibers to transmit innocuous mechanical input as 

painful (Lu et al., 2013) (Figure 2). Within this model, CCK and PKCγ interneurons have been 

readily identified/labeled as key neuron populations (Lu et al., 2013; Peirs et al., 2021). However, 

as this model was first discovered with random patch-clamp recordings in unlabeled DH cells, 

excitatory transient central cells (neurons in lamina II outer with a central morphology that 

discharge action potentials transiently during a depolarizing step (Grudt and Perl, 2002)) remain 

unclassified by neurochemical gene / protein expression. We find that Y1-INs mainly exhibit a 

central morphology and exhibit a DSLF firing type that closely mirrors the transient firing type 

(Figure 21) (Grudt and Perl, 2002; Sinha et al., 2021). Further, Y1-INs densely overlap with the 

Grp-expressing population of spinal cord interneurons (Nelson and Taylor, 2021; Sathyamurthy 

et al., 2018) which to date is the only identified class of transient central cells (Dickie et al., 2019). 

Lastly, we show that Grp/Npy1r-expressing dorsal horn interneurons are necessary for the 

manifestation of neuropathic pain. These data suggest that Y1-INs may be the transient central cell 

population in the peripheral nerve injury-induced mechanical allodynia model (Figure 35C). 

Future research endeavors can focus on the specific anatomical connectivity of Y1-INs in the 

complicated dorsal horn allodynia circuitry. We predict that many Y1-INs will be downstream of 

PKCγ interneurons and upstream of both GRPR-INs (vertical cells; (Polgár et al., 2022)) and spinal 

pain projection neurons to supraspinal  regions implicated in pain processing. It is for this reason 

that activation/inhibition of Y1-INs is sufficient/necessary for the manifestation of the behavioral 

signs of neuropathic pain. 
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6.5 Technical considerations in this dissertation 

6.5.1 Acetone evaporation as a method to assess “cold allodynia?” 

            In this dissertation, I used the SNI model of peripheral nerve injury because it is a highly 

reproducible injury that produces long-lasting chronic neuropathic pain-like behavior including 

mechanical and cold hypersensitivity (Decosterd and Woolf, 2000). Specifically, this model 

produces hyperexcitability in the sural innervation territory; the sural nerve innervates the lateral 

aspect of the rodent hindpaw (Kambiz et al., 2014). For this reason, I applied von Frey filaments 

and acetone to the lateral surface of the hindpaw to assess behavioral hypersensitivity. In von Frey 

testing I apply the filament to the lateral surface of the paw (the outer side). I administer acetone 

using a syringe connected to PE-90 tubing, flared at the tip to a diameter of 3 1/2 mm. I then apply 

a drop of acetone to the lateral side of the hind plantar paw (surface tension maintains the volume 

of the drop to ~10 µL) which quickly spreads over the skin covering the lateral surface (some 

spread may occur beyond the lateral surface but it is largely restricted due to the small volume). 

While von Frey filaments are a well-established method for assessing punctate static mechanical 

allodynia, the use of acetone is semi-controversial. The reason acetone is semi-controversial is that 

the rapid evaporation of acetone may not be producing a behavioral response due to cooling, but 

rather via activating mechanoreceptors. Thus, acetone may merely be another indicator of SNI-

induced mechanical allodynia. While I agree that primary afferents exist that do respond to both 

acetone and mechanical stimulation (MacDonald et al., 2021), I also believe there is convincing 

evidence to indicate that acetone produces an innocuous cooling behavioral response. First, 

acetone produces a behavioral phenotype different to that of application of cold water (Vissers and 

Meert, 2005). Second, the interpretation that acetone exclusively activates mechanoreceptors (via 

rapid evaporation) is contradicted by the fact that acetone-evoked responses are almost completely 
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abolished in TRPM8 knockout mice (Colburn et al., 2007) or via pharmacological blockade of 

TRPM8 channels with capsazepine (Xing et al., 2007). Additionally, application of acetone to the 

paw produces both surface and subsurface skin cooling (Leith et al., 2010). With this evidence, 

particularly the TRPM8 specific data, I believe that the acetone data can be interpreted as cold 

allodynia. 

6.5.2 Cell-type specific modulation of Y1-INs- was it necessary? 

            In this dissertation, I used multiple complex and time-consuming experimental 

techniques to address the hypothesis that Y1-INs are necessary and sufficient for the behavioral 

signs of mechanical and cold allodynia. However, the initial pharmacology data I collected 

indicated that intrathecal administration of a NPY Y1 receptor-selective agonist was exclusively 

acting at dorsal horn neurons to reduce SNI-induced allodynia. Thus, was it necessary to exert 

significant time, energy, and resources to extend this pharmacology work into the cell-type 

specific modulation of Y1-INs? I absolutely believe that it was, and I will defend this position.  

 

            First, chemogenetic inhibition provided several advances to my work that could not be 

achieved via intrathecal pharmacology. Yes, both approaches function via canonical Gi protein 

signaling following Y1 agonist or CNO binding to the Y1 or hM4Di receptor: 1. The Gi α-

subunit inhibits adenylyl cyclase and decreases cAMP levels and protein kinase A (PKA) 

activity, and 2. The βγ subunit opens G protein-coupled inwardly rectifying potassium channels 

(GIRKs) to allow outward movement of potassium ions to hyperpolarize the cell. However, 

AAV transfection and amplification of viral DNA produces significantly more DREADD 

receptors on a cell than physiologically relevant Y1 receptors. Thus, CNO inhibition is 
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significantly more efficacious than pharmacological inhibition and the two methods address 

separate points: NPY-Y1 signaling vs efficacious Y1-IN inhibition. Intrathecal pharmacology 

may not hyperpolarize all cells and rather dampen intracellular signaling dependent on the 

membrane trafficking/internalization and desensitization of the NPY Y1 receptors, whereas CNO 

will always hyperpolarize the transfected Y1-INs. However, intrathecal pharmacology allows me 

to target more Y1-INs than intraspinal chemogenetics as I am limited by viral spread/tropism, 

whereas intrathecal pharmacological agents diffuse widely throughout the spinal cerebrospinal 

fluid. With these thoughts in mind, inhibitory chemogenetics provided several important 

advances to my thesis/our understanding of Y1-INs: 1. I was able to use a complementary 

approach to indicate that chemogenetic inhibition of specifically the spinal dorsal horn Y1-INs 

completely abolished SNI-induced allodynia to further confirm my hypothesis that Y1-INs are 

necessary for neuropathic pain-like behavior (importantly, this avoided possible confounds of off 

target binding via the Y1 agonist on other receptors and/or nervous system regions following 

intrathecal administration of the agonist into the spinal CSF in my previous pharmacology 

studies), 2. I was able to efficaciously hyperpolarize a subset of lumbar Y1-INs in naïve (non-

injured) conditions (First, this was a significant improvement on previous NPY-saporin lesion 

studies that may produce circuit rearrangements and second, I could inhibit many Y1-INs in a 

non-injured setting as the lack of injury may limit the effectiveness of Y1 agonists at this time 

point because we hypothesize Y1 receptor signaling is minimal in a non-injured setting and 

upregulated after injury), 3. I was able to perform affective conditioned place preference testing 

as i.p. injection of CNO was significantly less invasive to repeatedly perform than intrathecal Y1 

agonist administration (CPP testing with spinal Y1 inhibition had never been performed before 

this). However, I did not feel that optogenetic inhibition of Y1-INs was necessary after the 
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chemogenetic inhibition studies. Both the intrathecal pharmacology and inhibitory 

chemogenetics addressed my questions about the necessity of Y1-INs and further optogenetic 

inhibition studies would not have provided additional/valuable information. 

 

            I believe that cell-type specific activation of Y1-INs was absolutely worth my time and 

effort as this was completely novel and uncharted territory. When I first began my chemogenetic 

activation studies no one had ever activated a Y1-IN largely due to two reasons: 1. A Npy1rCre 

mouse was only just developed before I began this work, and 2. An inverse agonist for the NPY 

Y1 receptor does not exist (this is because Y1 receptors are not believed to be constitutively 

active). Thus, this was a very exciting study that only provided new information. In this work, I 

learned that activation of Y1-INs was sufficient to produce robust spontaneous and polymodal 

pain-like behaviors. In addition to chemogenetic activation of Y1-INs, I also performed 

optogenetic activation of the spinal Y1-IN population. First, this allowed me to demonstrate 

similar results with two complementary methods (much like intrathecal pharmacology and 

inhibitory chemogenetic studies before), and second, this allowed me to perform temporal and 

frequency-specific activation of the cellular population. Together, I think these studies 

demonstrated that Y1-INs are sufficient for the behavioral signs of neuropathic pain-like 

behavior. Additionally, using the information I have revealed through this work, future studies 

can extend this to evaluate the upstream/downstream neurons from Y1-INs and further unravel 

the spinal circuits underlying allodynia. 
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6.6 Possible translation of intrathecal administration of NPY for the treatment of chronic 
pain in humans 

            Our studies, alongside a rich history of spinal NPY in pre-clinical models of chronic pain, 

indicate a strong basic science rationale for the development of spinally-directed Y1-selective 

agonists for the treatment of chronic pain. However, would they be safe in a therapeutic setting? On 

the one hand, intrathecal administration of antihyperalgesic doses of NPY or Y1-selective agonists 

disrupts neither motor locomotion nor major touch sensitivity in non-injured rodents (Chen et al., 

2019; Kuphal et al., 2008; Malet et al., 2017; Solway et al., 2011; Taiwo and Taylor, 2002). On 

the other hand, NPY contributes to cardiovascular regulation (Tan et al., 2018), and surface 

application of NPY to the spinal cord changes blood flow (Chen et al., 1990, 1988). Similarly, 

intrathecal NPY induces vasoconstriction that results in a transient decrease in blood flow to the 

spinal cord and increases in mean arterial pressure and heart rate (Mahinda and Taylor, 2004; Xu 

et al., 1999). Thus, this is a critical physiological feature to better understand as blood pressure 

and pain are intricately and inversely related. Specifically, increases in blood pressure correlate 

with reduced acute pain-like behaviors and conversely, decreases in blood pressure relate to 

increased pain-like behavior (Saccò et al., 2013). Thus, it is important to rule out cardiovascular 

modulation as a direct effector of pain-like behavior from i.t. NPY. However, the NPY-induced 

increase in blood pressure was transient and was prevented via the use of a Y1 agonist (rather than 

NPY) (Chen and Westfall, 1993) or pre-administration of a selective Y2 antagonist  before NPY 

administration (Mahinda and Taylor, 2004). Thus, it seems Y2 but not Y1 agonism promotes the 

cardiovascular side effects. If Y2 is indeed the primary mediator of cardiovascular side effects 

following intrathecal NPY, then the potential risks for adverse cardiovascular effects may be 

avoided with the use of analgesic doses of intrathecal Y1-selective agonists. Additionally, I believe 
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my chemogenetic inhibition results demonstrate that it is the specific inhibition of Y1-INs in the 

DH that reduces pain-like behavior and not changes to blood pressure. 

  

            Target specificity will be key in the development of a spinally-directed Y1-selective 

analgesic for chronic pain. In contrast to the clear antihyperalgesic actions of NPY when targeted 

to the spinal cord (Table 1) or multiple brain areas (Alhadeff et al., 2018; Mellado et al., 1996), 

other studies indicate that Y1 receptor activation in the nucleus gracilus (Fukuoka and Noguchi, 

2015; Ossipov et al., 2002) and Y2 receptor activation in the DRG (Sapunar et al., 2011; Tracey 

et al., 1995) produce hyperalgesia. These pronociceptive actions of NPY in the DRG and nucleus 

gracilis can be avoided with targeted administration of Y1 agonists to the spinal cord with the 

implantation of chronic intrathecal catheters, a method commonly engaged for the management of 

chronic pain (Knight et al., 2007). 

 

            A limitation of this work is that it was performed exclusively in rodent models of pain. We 

have begun to address the translational divide between mouse and human by performing rigorous 

in situ characterization of Y1-IN subpopulations in the rhesus macaque and human spinal cord 

dorsal horns. This important work suggests that NPY Y1 receptor expression is heavily conserved 

across species and may be a promising therapeutic target (Figure 31). Nevertheless, the next 

important steps will involve translation of this pre-clinical pharmacology work to increasingly 

more translatable animal models (i.e. porcine (Hellman et al., 2021b, 2021a) and macaque (Hama 

et al., 2021)). In these translational animal models, we can perform extensive pain behavioral 

testing as well as multiple side effect profiling analyses. Specifically, it will be fundamental to 

assess Y1 agonist contra-indicative activity on feeding behavior/weight gain (Mullins et al., 2001), 
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hyperinsulinemia (Gao et al., 2004), gut inflammation (Holzer et al., 2012), gastric motility (Chen 

et al., 1997), cardiovascular regulation (McDermott and Bell, 2007), and sedation (Naveilhan et 

al., 2001a). However, against this backdrop, intranasal NPY has been recently used in human 

clinical trials for the treatment of post-traumatic stress disorder and major depression (Mathé et 

al., 2020; Sayed et al., 2018). These exciting intranasal studies have found NPY to be safe, 

extremely well tolerated, and efficacious (Mathé et al., 2020; Sayed et al., 2018). Thus, 

Specifically, our next steps will be the intrathecal administration of a NPY-Y1 agonist in a porcine 

model of peripheral nerve injury (Hellman et al., 2021b, 2021a). We will assess the effect of 

intrathecal Y1 agonists on pain-like behavior as well as cardiovascular regulation. We hypothesize 

that Y1 agonist administration (and by avoiding Y2) will not alter blood pressure/heart rate and 

will potently inhibit pain-like behavior. We are optimistic that these translational NPY pain studies 

will begin in the near future and that Y1 agonism will safely and potently reduce the behavioral 

signs of neuropathic pain in larger mammalian species, and ultimately, human chronic pain 

patients. 
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Appendix A Dorsal Horn PKCγ Interneurons Mediate Mechanical Allodynia through 5-
HT2AR-dependent Structural Reorganization 

            Nociceptors function to protect tissue from potential damage by thermal, mechanical, and 

chemical stimuli. The central terminals of primary nociceptive mechanical and thermal afferents 

(C/Aδ fibers) converge in superficial laminae I and II in the dorsal horn of the spinal cord. 

Nociceptive information is processed by excitatory and inhibitory interneurons in the dorsal horn 

of the spinal cord before being relayed to projection neurons in lamina I that transmit the 

information to higher brain centers that mediate the experience of pain (Koch et al., 2018) (Figure 

34). 

 

            Light touch does not normally evoke pain, but after nerve injury, innocuous light touch can 

evoke a pain-like response called allodynia. Information about light touch is carried by low-

threshold mechanical primary afferents (Aβ fibers) that synapse in laminae II-IV in the dorsal horn 

(Figure 36). In inner lamina II, Aβ fibers synapse directly onto excitatory interneurons that express 

the γ isoform of protein kinase C (PKCγ) (Lu et al., 2013, Neumann et al., 2008). Although PKCγ 

interneurons do not receive direct input from mechanical nociceptors, they are strongly implicated 

in mediating mechanical allodynia (Lu et al., 2013, Petitjean et al., 2015). Allodynia is thought to 

stem from the loss of strong feedforward inhibition by inhibitory interneurons that prevent 

innocuous input from being transmitted as painful (Figure 36). After nerve injury, these inhibitory 

synapses onto PKCγ interneurons are lost, and normally innocuous mechanical input from deep 

ventral laminae is transmitted to superficial lamina I to evoke pain (Lu et al., 2013, Miraucourt et 

al., 2007, Petitjean et al., 2015). Thus, the merging of the innocuous and noxious pathways 

promotes mechanical allodynia. Spinal nociceptive transmission is also modulated via descending 
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supraspinal projections which are responsible for the top-down processing of pain. Many of these 

descending projections contain the neuromodulator serotonin which may play a role in mechanical 

allodynia as epidural 5HT2AR antagonists dose-dependently attenuate mechanical allodynia after 

nerve injury (Van Steenwinckel et al., 2008). 

 

            Mechanical allodynia is a hallmark of inflammatory, as well as neuropathic pain, but the 

underlying circuitry remains incompletely understood. In particular, whether inflammatory pain 

also involves disinhibition of PKCγ interneurons and 5HT2ARs has not been clearly shown. 

Nonetheless, intrathecal administration of a PKCγ inhibitor attenuates capsaicin-induced 

inflammatory mechanical allodynia in mice, suggesting PKCγ interneurons contribute to 

inflammatory allodynia (Petitjean et al., 2015). Because both PKCγ (Neumann et al., 2008) and 

5HT2ARs (Fay and Kubin, 2000) are found predominately in excitatory interneurons of inner 

lamina II of the dorsal horn, Alba-Delgado et al. (2018) hypothesized that PKCγ and 5HT2ARs 

interact in PKCγ interneurons to facilitate inflammation-induced mechanical allodynia. 

 

            To test this hypothesis, the authors first tested the effects of 5HT2AR agonists and 

antagonists on mechanical withdrawal thresholds in rats treated with Complete Freund’s Adjuvant 

(CFA) to induce inflammation. Pharmacological blockade of 5HT2ARs prevented CFA-induced 

mechanical facial allodynia in rats, and activation of 5HT2ARs was sufficient to induce facial 

mechanical allodynia in naïve rats. In addition, the authors showed that PKCγ interneurons co-

express 5HT2ARs and that activation of 5HT2ARs increased levels of phosphorylated extracellular 

signal-regulated kinases 1/2 (pERK1/2), a marker of neuronal activation, in PKCγ-expressing 
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neurons. These results suggest that activation of dorsal horn 5HT2ARs on PKCγ interneurons leads 

to mechanical facial allodynia. 

 

            Alba Delgado et al. (2018) also probed the electrophysiological and morphological effects 

of CFA-induced inflammation and 5HT2AR blockade on lamina II interneurons. Intrinsic 

electrophysiological properties (resting membrane potential and slope in current-voltage plots) of 

lamina II excitatory interneurons differed between CFA-treated and sham animals, but these 

changes occurred independently of 5-HT2AR activation. In contrast morphological changes 

(reduction in the number of tertiary branches of the dendritic arbor, increase in spine density) 

induced by CFA occurred selectively in lamina II PKCγ-expressing interneurons, and these 

changes were partially prevented by blocking 5-HT2ARs. Finally, specific activation of 5-HT2ARs 

in naïve rats replicated CFA-induced morphological changes in PKCγ interneurons. Taken 

together, these results indicate that activation of 5-HT2ARs on medullary dorsal horn PKCγ 

interneurons induces rapid morphological remodeling of the dendritic arbor, which may lead to 

the development of facial mechanical allodynia. 

 

            The 5-HT2AR-dependent morphological reorganization of PKCγ interneuron dendrites is a 

key finding that expands our understanding of the circuit underlying mechanical allodynia (Figure 

36). PKCγ interneurons lose inhibitory connections after neuropathic injury (Lu et al., 2013, 

Petitjean et al., 2015), and this loss might result from apoptosis of inhibitory interneurons or simply 

a loss of inhibitory contacts onto the PKCγ soma (Iquimbert et al., 2018, Petitjean et al., 2015). 

The results of Alba-Delgado et al. (2018) suggest that 5-HT2AR-mediated morphological 

reorganization reduces the dendritic arbor of PKCγ interneurons during inflammation. This 
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reduced dendritic arbor might lead to decreases in the number of inhibitory synapses onto these 

neurons, causing a loss of the feedforward inhibition that normally prevents innocuous touch 

stimuli from exciting PKCγ interneurons. PKCγ interneurons would then be able to excite yet 

unknown postsynaptic neurons, allowing innocuous stimuli to reach pain projection neurons in the 

superficial lamina I of the dorsal horn (see Figure 36). 

 

            Alba-Delgado et al. (2018) raise an important question: what are the postsynaptic targets 

of the PKCγ interneurons that transmit innocuous mechanical input to superficial pain projection 

neurons? PKCγ interneurons synapse directly onto excitatory transient central cells in lamina II, 

and these synapse onto vertical cells, which then target lamina I pain projection neurons (Lu and 

Perl, 2005, Todd, 2017). The identity of transient central cells remains unknown, and researchers 

are trying to uncover these neural populations (Piers and Seal, 2016). The most likely candidate is 

a subset of somatostatin-expressing excitatory interneurons in outer lamina II, as these neurons are 

necessary for mechanical pain (Duan et al., 2014) (Figure 36). Calretinin interneurons are another 

probable candidate, as they are implicated in the development of mechanical allodynia (Piers et 

al., 2015) (Figure 36). The excitatory interneurons expressing neuropeptide Y1 receptors (Y1R), 

which are involved in both mechanical and thermal allodynia that arises after inflammatory and 

neuropathic injury, may also be a target of PKCγ interneurons as Y1Rs do not colocalize with 

PKCγ and are found superficial to PKCγ interneurons (Diaz-delCastillo et al., 2017, Nelson et al., 

2019) (Figure 36). 

 

            While Alba-Delgado et al. (2018) focus on PKCγ interneurons in mechanical allodynia, 

this is only a piece of the circuit. In deeper lamina III, interneurons that transiently express 
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vesicular glutamate transporter 3 (VGLUT3) are upstream of PKCγ interneurons and also receive 

information about innocuous touch from Aβ fibers (Peirs and Seal, 2016) (Figure 36). Most 

importantly, VGLUT3 interneurons in the spinal dorsal horn are both necessary and sufficient for 

mechanical allodynia (Peirs et al., 2015). Perhaps 5-HT2AR activation in PKCγ interneurons and 

the subsequent reorganization of the dendritic arbor permits them to be excited by VGLUT3 

interneurons to induce mechanical allodynia. 

 

            The final questions Alba-Delgado et al. (2018) raise concerning the inflammation-induced 

mechanical allodynia circuitry pertain to the origin and cause of 5-HT release into the dorsal horn 

to act on PKCγ interneurons. Existing anatomical evidence indicates that 5-HT in the dorsal horn 

originates almost entirely from descending projections from the rostral ventral-medial medulla 

(RVM) and is not released from local dorsal horn interneurons (Bannister and Dickenson, 2016). 

Inflammation may drive ascending pain signals from projection neurons that monosynaptically 

activate neurons in the RVM. The RVM’s descending nociceptive projections, which likely 

include 5-HT fibers, release 5-HT to act on 5-HT2AR-expressing PKCγ interneurons and drive 

morphological reorganization and subsequent mechanical allodynia. Another possible circuit 

involves ascending pain projection neurons that activate neurons in the periaqueductal gray, which 

in turn can activate RVM descending nociceptive 5-HT fibers to the dorsal horn (Ossipov et al., 

2014). In summary, the mechanical allodynia circuit includes not only projections from local 

dorsal horn excitatory and inhibitory interneurons but also descending 5-HT fibers from the RVM 

(Figure 36). 
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            Alba-Delgado et al. (2018) implicate descending 5-HT projections as mediators of 

morphological rearrangement in PKCγ interneurons that are both necessary and sufficient for 

inflammation-induced facial mechanical allodynia. This work is an important addition to the 

mechanical allodynia circuit summarized in Figure 36. In future studies it will be important to 

uncover the cause of 5-HT release into the dorsal horn and the post-synaptic targets of the PKCγ+ 

interneurons that lead to the development of mechanical allodynia. 

 

 
Figure 37. A dorsal horn model for circuits mediating mechanical allodynia. 

5-HT, serotonergic descending projections; PROJ, lamina I pain projection neurons; VERT, vertical cells; SOM, 

somatostatin; CALR, calretinin; Y1R, neuropeptide Y1-receptor expressing; PKCγ, protein kinase C γ; INH, 

inhibitory interneurons; VGLUT3, vesicular glutamate transporter 3; RVM, rostral ventral-medial medulla. 
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Appendix B PKA and Epac activation are sufficient to reveal phosphorylated extracellular 
signal regulated kinase (pERK) induction of central sensitization 

Appendix B.1 Introduction 

 
            It has been reported that pERK activation in dorsal horn neurons is specifically induced by 

noxious stimulation and is necessary for the induction of central sensitization (Gao and Ji, 2009). 

Our previous behavioral results indicate that both PKA and Epac activation are sufficient to 

reinstate complete Freund’s adjuvant (CFA)-induced hyperalgesia following the resolution of 

pain-like behavior (Fu et al., 2019). To directly implicate both PKA and Epac in the mediation of 

endogenous latent sensitization, we hypothesized that administration of either a PKA or Epac 

activator would increase the expression of pERK in the ipsilateral dorsal horn following the 

resolution of CFA-induced hyperalgesia, directly implicating reinstatement of central 

sensitization. 

 

Appendix B.2 Methods 

 
Animals 

            Male C57Bl/6NCrl (Charles River, #027) mice were housed 2 to 4 per cage, with 

littermates, in a light- (12-hour light/dark cycle), temperature- (68-72˚F), and humidity-controlled 

room with food and water provided ad libitum. Animals were allowed a minimum of 1 week to 

habituate to the facility before their entrance into the study. All procedures were approved by the 

Institutional Animal Care and Use Committee of the University of Pittsburgh, followed the 
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guidelines for the treatment of animals of the International Association for the Study of Pain, and 

were conducted in full compliance with the Association for Assessment and Accreditation of 

Laboratory Animal Care. 

 

Complete Freund’s adjuvant model of inflammatory pain  

            Mice were injected subcutaneously with 10 µL complete Freund’s adjuvant (CFA) (1 

mg/mL; Sigma-Aldrich, St. Louis, MO) into the midplantar region of the left hindpaw with a 30-

G needle. Sham treatment involved restraint, with the left hindpaw extended for 1 minute. 

 

Mechanical threshold testing  

            Animals were acclimated to a stainless-steel grid within individual Plexiglas tubes for at 

least 60 minutes before behavioral testing. To evaluate sensitivity to a non-noxious mechanical 

stimulus, we used an incremental series of 8 von Frey filaments (Stoelting, Inc, Wood Dale, IL) 

of logarithmic stiffness (0.008-6 g). The 50% withdrawal threshold was determined using the up–

down method(Chaplan et al., 1994). Each filament was applied perpendicular to the central plantar 

surface of the hindpaw skin with sufficient force to cause a slight bending of the filament. A 

positive response was defined as a rapid withdrawal of the paw within a count of 5 seconds. 

 

Intrathecal drug administration 

            Intrathecal injection was performed in lightly restrained unanesthetized mice. Briefly, a 

30G needle attached to a Hamilton microsyringe was inserted between the L5/L6 vertebrae, 

puncturing the dura (confirmed by presence of reflexive tail flick). We then injected a 5 µL volume 

of vehicle or drug. 
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Drug dosing 

            The following drugs and doses were used for intrathecal injections: N6-benzoyladenosine-

39,59-cyclic monophosphate (6- Bnz-cAMP), sodium salt membrane–permeant (6Bnz; BIOLOG 

Life Science Institute, Bremen, Germany), 10 nmol/5 mL; 8-(4-chlorophenylthio)-29-O-

methyladenosine 39,59-cyclic monophosphate sodium salt (8cpt; Enzo Life Sciences, Exeter, 

United Kingdom), 3 nmol/5 mL; Vehicle was saline. 

 

pERK Behavior and Immunohistochemistry 

            Separate cohorts of mice were tested for baseline mechanical sensitivity and exposed to 

CFA or sham treatment. Mechanical thresholds were reassessed 3 days and/or 21 days later, 

followed by intrathecal injection of 6Bnz (10 nmol), 8cpt (3 nmol), or vehicle (saline) (5 µL). To 

determine the effect of vehicle or drug on pERK activation in the ipsilateral dorsal horn, a light-

touch stimulation protocol was initiated 30 minutes after the end of behavioral testing. Mice were 

anesthetized with isoflurane (5% induction, 2% maintenance) and the plantar surface of the left 

hindpaw was gently stroked in the longitudinal plane with a cotton tip for 3 seconds of every 5 

seconds, for 5 minutes. After an additional 5-minute wait time, mice received an intraperitoneal 

injection of sodium pentobarbital (.100 mg/kg, 0.2 mL, Fatal Plus) and were transcardially 

perfused with ice-cold 13 phosphate-buffered saline (PBS) with heparin (10,000 USP units/L) 

followed by ice-cold fixative (10% phosphate-buffered formalin). The lumbar spinal cord was 

removed and postfixed overnight in 10% phosphate-buffered formalin and then cryo- protected in 

30% sucrose in 0.1-M PBS for several days. Transverse sections (30 mm) centered at L4 were cut 

on a freezing microtome or cryostat and collected in antifreeze. The sections were washed 3 times 
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in PBS and then pretreated with blocking solution (3% normal goat serum and 0.3% Triton X-100 

in PBS) for 1 hour. Sections were then incubated in blocking solution containing the primary 

antibody rabbit anti-pERK (1:1000, Phospho-p44/42 MAPK, Cell Signaling Technology #4370, 

RRID:AB_2315112) overnight at room temperature on a slow rocker. The sections were washed 

3 times in PBS and incubated in goat anti-rabbit secondary antibody (1:1000, Alexa Fluor 488, 

Invitrogen A11008, RRID:AB_143165) for 60 minutes, washed in PBS then 0.01-M phosphate 

buffer without saline, mounted onto Superfrost Plus slides, air-dried, and cover-slipped with Hard 

Set Antifade Mounting Medium with DAPI (VECTASHIELD). 

 

Imaging/Quantification of pERK 

            All images were captured on a Nikon Eclipse Ti2 microscope using a 103 objective 

(numerical aperture 0.45) and analyzed using NIS-Elements Advanced Research software v5.02. 

We focused our quantification of the number of pERK immunopositive cell profiles within lamina 

I-II, where most nociceptive peripheral afferents terminate within the dorsal horn (Corder et al., 

2010), in left (ipsilateral to light touch stimulation) L4 spinal cord segments. Two observers who 

did not know the identity of the slides/sections (eg, blinded to treatment) manually counted 

punctate immunoreactive profiles in 3 to 5 high-quality randomly selected sections of L4 spinal 

cord from each animal. The manual counts for each L4 section were averaged between the 2 

blinded quantifiers. These averaged section counts for each individual animal were then averaged 

for an overall animal mean of punctate immunoreactive profiles. 
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Statistics 

            Differences between mean values after intrathecal drug treatment were analyzed with a 1-

way ANOVA followed by Holm–Sidak post hoc tests using GraphPad Prism v7. 

Appendix B.3 Results 

            As indicated by the timeline in Figure 37A, after the resolution (21 days) of CFA-induced 

hyperalgesia (Figure 37D) we intrathecally administered Vehicle, the selective PKA activator 

6Bnz (10 nmol), or the Epac activator 8cpt (3 nmol) to mice. 60 minutes after intrathecal 

administration (peak timepoint of drug activation) we performed light mechanical stimulation 

(paw brushing) followed 5-minutes later by perfusion of the animals. Subsequent quantification of 

pERK-immunoreactivity in the ipsilateral L4 superficial (lamina I-II) dorsal horn found that both 

6Bnz and 8cpt administration produced a significant increase in pERK expression compared to 

animals that received intrathecal Vehicle administration 21 days after CFA-induced hyperalgesia 

(Figure 37 E, G, I, J). Importantly, intrathecal administration of 6Bnz and 8cpt  increased pERK 

expression in 21 day CFA animals but not 21 day sham animals (Figure 37F-J). These results 

indicate that endogenous latent sensitization is mediated by both PKA and Epac, and therefore 

activation of either signaling mechanism is sufficient to reinstate central sensitization. 
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Figure 38. Expression of pERK in the ipsilateral L4 dorsal horn after PKA and Epac activation reveals latent 

sensitization. 
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(A) Timeline of experimental design for mechanical stimulation-induced pERK immunoreactivity. (B- C) 

Representative transverse sections of L4 dorsal horn on mice 3 days after CFA or sham injury following 

light mechanical stimulation. (D) CFA (n=20) but not sham injection (n=10) produced a mechanical 

hyperalgesia that peaked at 3 days and resolved within 21 days. Values represent mean ± SEM. (E-I) 

Representative transverse sections of L4 dorsal horn on mice 21 days after CFA or sham injury, following 

intrathecal administration of Vehicle, 6Bnz (10 nmol), or 8cpt (3nmol), and light mechanical stimulation. 

(J) After the induction (3 days) and resolution (21 days) of CFA-induced hyperalgesia, intrathecal 

administration of 6Bnz or 8cpt increased the number of pERK-immunoreactive profiles in lamina I-II as 

compared to intrathecal administration of vehicle, P < 0.05 (CFA-vehicle vs. CFA-6Bnz), P < 0.05 

(CFA-vehicle vs. CFA-8cpt), and compared to sham controls, P < 0.05 (Sham-6Bnz vs. CFA-6Bnz), 

P < 0.05  (Sham-8cpt vs. CFA-8cpt). Post-intrathecal injection n=5-6. Individual symbols represent 

mean pERK-immunoreactivity of 3-5 L4 transverse sections/animal and bars represent group mean ± SEM. 

Scale bars 100 µm. CFA: Complete Freund’s Adjuvant. 
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Appendix B.4 Discussion 

            The current pERK immunohistochemical results show that intrathecal injection of either a 

selective PKA (6Bnz) or Epac activator (8cpt) reinstated hyperalgesia and touch-evoked neuronal 

activation when given 21 days after CFA induction. These data indicate that inflammation induces 

a latent sensitization of dorsal horn neurons, such that less PKA or Epac agonist is required to 

induce allodynia and, ultimately, a state of vulnerability to the transition from acute to chronic 

pain. Possible underlying mechanisms could be (1) Sensitization of PKA and/or Epac, such that 

less-robust activation of PKA or Epac is sufficient to produce hyperalgesia; or (2) increased 

affinity of PKA or Epac for agonist. Although G-protein–coupled receptor pain inhibitory systems 

(MORCA and NPY‐Y1R) are active 21 days after CFA induction, PKA and Epac activators are 

of sufficient power to override them. Our results are reminiscent of previous studies showing that 

direct activation of spinal NMDARs (with intrathecal NMDA) or AC (with intrathecal forskolin) 

produced enhanced spontaneous nocifensive behaviors when given 21 days after CFA induction 

(Corder et al., 2013). 

            In conclusion, inflammation produces latent sensitization, which includes not only 

sensitization of neurons in the dorsal horn, but also a concomitant strengthening of endogenous 

inhibition. Together, these opposing systems underlie a vulnerability to episodic pain that is 

manifested when inhibitory controls fail. We identified a novel molecular signaling pathway that 

drives latent sensitization at the spinal level, after inflammation: NMDAR→AC1→Epac1/2. We 

argue that this pathway is silently supersensitive during latent sensitization: silent because of tonic 

inhibitory control by the spinal NPY-Y1R axis. 
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Appendix C Exploration of spinal NPY Y2-selective agonism in a mouse model of 
neuropathic pain 

Appendix C.1 Introduction 

 
            Neuropeptide Y (NPY) in the spinal cord dorsal horn exhibits long-lasting inhibitory 

control of nociceptive transmission after injury. While the anti-nociceptive actions of NPY at the 

Y1 receptor have been well characterized, the actions of selective agonism at its’ cognate Y2 

receptor remain largely unexplored, particularly in the setting of neuropathic pain. The 

neuropeptide Y2 receptor is a Gi-coupled receptor that is highly expressed in primary afferent but 

not spinal cord neurons, with the greatest distribution on thinly myelinated afferent neurons (both 

Aẟ- and C-nociceptors) (Nelson and Taylor, 2021). The function of these Y2-expressing dorsal 

root ganglion neurons has been proposed to be pronociceptive (Arcourt et al., 2017; Chen et al., 

2019). The aim of this study was to test if Y2-selective agonism at the spinal cord dorsal horn 

reduces the manifestation of peripheral nerve injury-induced mechanical and cold hypersensitivity 

in a mouse model of neuropathic pain. 

 
 

Appendix C.2 Methods 

Animals 

            Adult C57Bl/6NCrl (Charles River, #027) mice were group housed, provided access to 

food and water ad libitum, and maintained on a 12:12 hour light:dark cycle (lights on at 7:00am) 

in temperature and humidity controlled rooms. Male and female mice were used in all experiments. 
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No significant sex differences were observed. All procedures were approved by the Institutional 

Animal Care and Use Committees of the University of Pittsburgh and University of Kentucky. 

Additionally, all experiments followed the guidelines for the treatment of animals of the 

International Association for the Study of Pain. 

 
Intrathecal Injections 

            Intrathecal injections of PYY3-36  (TOCRIS) Were performed in lightly restrained 

unanesthetized mice. Briefly, a 30G needle attached to a Hamilton microsyringe was inserted 

between the L5/L6 vertebrae at the cauda equina, puncturing the dura (confirmed by presence of 

reflexive tail flick). We then injected a 5μl volume of vehicle or drug. Animals were injected twice 

using a cross-over design with a 3-7-day separation between two injections. For example, animals 

receiving vehicle for the first injection received drug for the second, and animals receiving drug 

for the first injection received vehicle for the second. In all cases, group means of vehicle and drug 

did not differ on either injection day and were combined for final analysis.  

 
Surgery 

            Spared Nerve Injury: SNI was performed as previously described (Nelson et al., 2019; 

Solway et al., 2011). Briefly, mice were anesthetized with inhaled isoflurane (5% induction and 

2% maintenance) and the left hind limb was shaved with trimmers and sterilized with 70% ethanol 

and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). A small incision was made 

in the skin of the hind left leg and the underlying muscle was spread via blunt dissection to expose 

the underlying branches of the sciatic nerve. The peroneal and tibial nerves were then ligated with 

6-0 silk sutures and transected while carefully avoiding the sural nerve. The muscle tissue was 

then loosely sutured with 5-0 nylon sutures and the skin was closed with 9mm wound clips. Topical 
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triple antibiotic ointment (Neosporin) was applied to the wound. Wound clips were removed ~7-

10 days post-surgery and behavioral experiments began 14 days after surgery. 

 

Behavioral Testing 

            Mechanical Withdrawal Threshold: Testing was performed as described in (Solway et al., 

2011). Mice were habituated to plexiglass chambers with opaque walls (15 × 4 × 4 cm) on a raised 

wire mesh platform for 30-60 minutes one day before and immediately prior to behavioral testing. 

Testing was performed using a calibrated set of logarithmically increasing von Frey 

monofilaments (Stoelting, Illinois) that range in gram force from 0.007 to 6.0 g. Beginning with a 

0.4 g filament, these were applied perpendicular to the lateral hindpaw surface with sufficient force 

to cause a slight bending of the filament. A positive response was denoted as a rapid withdrawal 

of the paw within 4 seconds of application. Using the Up-Down method (Chaplan et al., 1994), a 

positive response was followed by a lower filament and a negative response was followed by a 

higher filament to calculate the 50% withdrawal threshold for each mouse. 

 
            Cold Withdrawal Duration: Immediately following von Frey testing, acetone drop 

withdrawal testing was performed on mice in the same plexiglass chambers on a raised wire mesh 

platform. Using a syringe connected to PE-90 tubing, flared at the tip to a diameter of 3 1/2 mm, 

we applied a drop of acetone to the lateral side of the hind plantar paw. Surface tension maintained 

the volume of the drop to ~10 µL. The length of time the animal lifted or shook its paw was 

recorded for 30 s. Three observations were averaged. 
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Appendix C.3 Results 

            Intrathecal administration of PYY(3-36) (0.01-3 µg/5 µl) did not alleviate  SNI-induced 

mechanical or cold hypersensitivity at 14 days post-surgery (Figure 38). Higher doses of 

intrathecal Y2 agonist could not be tested due to a complete paralysis/anesthesia effect at 5 µg. 

 

 
Figure 39. The neuropeptide Y2 receptor agonist PYY3-36 does not alleviate nerve injury-induced mechanical 

or cold hypersensitivity. 

(a) Experimental timelines in C57BL/6 mice. Line graphs describing mechanical (vF) (b) and cold (acetone) (d) 

hypersensitivity at the hindpaw after the administration of Y2 agonist PYY(3-36). (c, e) Data averaged across 

timepoints 30-120 illustrate that PYY(3-36) (0.1-3µg, i.t.) did not change mechanical (c) or cold (e) hypersensitivity.. 

n = 6-8 per group/sex. Two way RM ANOVA. Data represented as mean ± SEM. 
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Appendix C.4 Discussion 

            Intrathecal administration of exogenous NPY or the Y1 selective agonist, [Leu31, Pro34]-

NPY, dose-dependently reduces peripheral nerve injury-induced mechanical and cold 

hypersensitivity in rats (Intondi et al., 2008; Malet et al., 2017). Furthermore, intrathecal 

administration of the Y2 antagonist, BIIE0246, reversed the anti-allodynic actions of intrathecal 

NPY (Intondi et al., 2008). Thus, we hypothesized that a NPY Y2 agonist would also alleviate 

SNI-induced mechanical and cold hypersensitivity. Surprisingly, this did not occur. However, 

recently Chen et al. reported that intrathecal administration of the Y2 antagonist, BIIE0246, is 

sufficient to induce robust mechanical pain in uninjured mice (Chen et al., 2019). This suggests 

that tonic endogenous NPY release suppresses mechanical pain. Intondi et al. did not test the effect 

of Y2 antagonist in a sham animal (all SNI-afflicted rats) and thus likely missed this effect (Intondi 

et al., 2008). Therefore, the anti-nociceptive effects of intrathecal NPY in SNI mice were masked 

by the induction of mechanical pain from endogenous NPY Y2 receptor blockade, giving the false 

interpretation that Y2 antagonism abolishes the antinociceptive effect of NPY. Thus, these results 

indicate that exogenous intrathecal Y2 agonism does not alleviate the behavioral signs of 

neuropathic pain in stark contrast to Y1 agonism. 
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Appendix D Parabrachial Npy1r-expressing neurons modulate neuropathic pain in mice 

Appendix D.1 Introduction 

            Pain is a complex phenomenon that elicits somatosensory and motor reflexive responses 

together with marked and long-lasting changes in emotional and autonomic states. Noxious stimuli 

activate peripheral nociceptors with axons that converge in the superficial dorsal horn of the spinal 

cord. Inhibitory and excitatory neurons in the spinal cord dorsal horn process the somatosensory 

information before transmitting it to multiple supraspinal brain regions, ultimately leading to pain 

perception. The axons of dorsal horn projection neurons terminate within multiple brain regions; 

however, a major target of projection neurons is the parabrachial nucleus (PBN) (Todd, 2010). The 

PBN is a small, bilateral, pontine brain structure that has long been known to receive alarming, 

noxious, or threatening homeostatic information such as taste aversion, nociception, or danger 

cues. PBN neurons then relay these aversive signals to brain regions such as the central nucleus of 

the amygdala (CeA), bed nucleus of the stria terminalis (BNST), periaqueductal gray (PAG), and 

ventromedial hypothalamus (VMH) to facilitate appropriate learning and avoidance responses. A 

renaissance in the PBN has produced a recent wave of high-profile publications that denote this 

nucleus of only a few thousand neurons as a “sensory hub for pain and aversion (Chiang et al., 

2019).” 

 

            Activation of glutamatergic PBN neurons produces pain-like behaviors in naïve mice, and 

inhibition of glutamatergic PBN neurons reverses nerve injury-induced neuropathic pain-like 

behaviors (Sun et al., 2020). Additionally, preliminary data from our laboratory finds that Npy1r 
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mRNA is robustly expressed in the PBN, and pharmacological evidence indicates that NPY 

signaling in the PBN decreases acute inflammatory nociception (Alhadeff et al., 2018). Based on 

these findings, we used functional in situ hybridization, mouse behavioral pharmacology, and cell 

type-specific chemogenetics to test the hypothesis that Npy1r -expressing neurons of the PBN 

contribute to neuropathic pain. 

Appendix D.2 Methods 

Animals 

            Adult C57Bl/6NCrl (Charles River, #027) and Npy1rCre (B6.Cg-Npy1rtm1.1(cre/GFP)Rpa/J; the 

Jackson Laboratory, #030544) mice were group housed, provided access to food and water ad 

libitum, and maintained on a 12:12 hour light:dark cycle (lights on at 7:00am) in temperature and 

humidity controlled rooms. Male and female mice were used in all experiments. No significant sex 

differences were observed. All procedures were approved by the Institutional Animal Care and 

Use Committees of the University of Pittsburgh and University of Kentucky. Additionally, all 

experiments followed the guidelines for the treatment of animals of the International Association 

for the Study of Pain. 

 

Intra-parabrachial Injections 

            Intra-parabrachial injections of [Leu31, Pro34]-NPY (human, rat) were performed in lightly 

anesthetized mice. Briefly, a microinjector connected to a Hamilton microsyringe was inserted 

into the guide cannula and a volume of 200nL was slowly infused with a syringe driver. Animals 

were injected three-four times using a cross-over design with a 24-48 hour separation between 
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injections. In all cases, group means of vehicle and drug did not differ on either injection day and 

were combined for final analysis.  

 

Surgeries 

            Spared Nerve Injury: SNI was performed as previously described (Nelson et al., 2019; 

Solway et al., 2011). Briefly, mice were anesthetized with inhaled isoflurane (5% induction and 

2% maintenance) and the left hind limb was shaved with trimmers and sterilized with 70% ethanol 

and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). A small incision was made 

in the skin of the hind left leg and the underlying muscle was spread via blunt dissection to expose 

the underlying branches of the sciatic nerve. The peroneal and tibial nerves were then ligated with 

6-0 silk sutures and transected while carefully avoiding the sural nerve. The muscle tissue was 

then loosely sutured with 5-0 nylon sutures and the skin was closed with 9mm wound clips. Topical 

triple antibiotic ointment (Neosporin) was applied to the wound. Wound clips were removed ~7-

10 days post-surgery and behavioral experiments began 14 days after surgery. 

 

            Cannulations: 7 days after spared nerve injury, mice were anesthetized with inhaled 

isoflurane (5% induction and 2% maintenance) and the head was shaved with trimmers and 

sterilized with 70% ethanol and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). 

The head was fixed into a stereotaxic frame and a midline incision was carefully made before the 

scalp was retracted and the dura was removed with cotton tipped applicators. Two burr holes were 

drilled and bone screws were placed over the left and anterior right cortices. A third burr hole was 

drilled and a cannula was placed overlying the right PBN (Ap-5.15, m/l +1.40, d/v -5.15). The 

cannula was secured with dental cement the skin was sutured with 6-0 silk sutures. Topical triple 
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antibiotic ointment (Neosporin) was applied to the wound. Subcutaneous Buprenorphine HCL 

(0.05 mg/kg) was utilized for 72 hours as a post-operative analgesic. Behavioral experiments began 

7 days after surgery. 

 

            Intra-parabrachial AAV administration: Mice were anesthetized with inhaled isoflurane 

(5% induction and 2% maintenance) and the head was shaved with trimmers and sterilized with 

70% ethanol and 2% chlorhexidine gluconate (ChloraPrep One-Step Applicators). The head was 

fixed into a stereotaxic frame and a midline incision was carefully made before the scalp was 

retracted and the dura was removed with cotton tipped applicators. Two burr holes were drilled 

and 200nL of AAV virus (AAV8-hSyn-DIO-hM4D(Gi)-mCherry or AAV8-hSyn-DIO-mCherry) 

was injected into both PBNs (Ap-5.15, m/l+/-1.40, d/v -5.15). The skin was sutured with 6-0 silk 

sutures. Topical triple antibiotic ointment (Neosporin) was applied to the wound. Subcutaneous 

Buprenorphine HCL (0.05 mg/kg) was utilized for 72 hours as a post-operative analgesic. 

Behavioral experiments began 21 days after surgery. 

 

Behavioral Testing 

            Mechanical Withdrawal Threshold: Testing was performed as described in (Solway et al., 

2011). Mice were habituated to plexiglass chambers with opaque walls (15 × 4 × 4 cm) on a raised 

wire mesh platform for 30-60 minutes one day before and immediately prior to behavioral testing. 

Testing was performed using a calibrated set of logarithmically increasing von Frey 

monofilaments (Stoelting, Illinois) that range in gram force from 0.007 to 6.0 g. Beginning with a 

0.4 g filament, these were applied perpendicular to the lateral hindpaw surface with sufficient force 

to cause a slight bending of the filament. A positive response was denoted as a rapid withdrawal 
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of the paw within 4 seconds of application. Using the Up-Down method (Chaplan et al., 1994), a 

positive response was followed by a lower filament and a negative response was followed by a 

higher filament to calculate the 50% withdrawal threshold for each mouse. 

 

            Cold Withdrawal Duration: Immediately following von Frey testing, acetone drop 

withdrawal testing was performed on mice in the same plexiglass chambers on a raised wire mesh 

platform. Using a syringe connected to PE-90 tubing, flared at the tip to a diameter of 3 1/2 mm, 

we applied a drop of acetone to the lateral side of the hind plantar paw. Surface tension maintained 

the volume of the drop to ~10 µL. The length of time the animal lifted or shook its paw was 

recorded for 30 s. Three observations were averaged. 

 

            Conditioned Place Preference/Avoidance: A three-day conditioning protocol using a 

biased chamber assignment was used for conditioned place preference (CPP). On the acclimation 

day (Day 1), mice had free access to explore all chambers of a 3-chamber conditioned place testing 

apparatus (side chambers: 170 x 150 mm; center chamber: 70 x 150 mm; height: 200 mm; San 

Diego Instruments) for 30 mins. Mice were able to discriminate between chambers using visual 

(vertical versus horizontal black-and-white striped walls) and sensory (rough versus smooth 

textured floor) cues. For pre-conditioning (Days 2 and 3), mice were again allowed to freely 

explore for 15 mins whilst their position was recorded via a 4 x 16 infra-red photobeam array by 

associated software (San Diego Instruments). For conditioning (Days 4-6) each mouse’s preferred 

chamber was paired with saline and the non-preferred chamber with clozapine n’ Oxide (CNO). 

Each morning mice received an i.p. saline injection, were returned to their home cage for 5 min, 

and were then placed in the designated side chamber for 60 min. 4 hours later, mice received i.p. 
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CNO (3 mg/kg; Tocris), were returned to their home cage for 5 min, and were placed into the 

CNO-designated chamber for 60 min. On test day (Day 7), mice could freely explore all chambers 

as their position was recorded as during pre-conditioning for 15 min. Difference scores were 

calculated as the time spent in the chamber on test day minus the time spent during pre-

conditioning. 

 

            Hindpaw Stimulation for Fos: To produce Fos activation, a light-touch or acetone 

stimulation protocol was initiated on the ipsilateral hindpaw of SNI mice 14 days after nerve injury. 

Mice were anesthetized with isoflurane (5% induction, 2% maintenance) and the lateral surface of 

the left hindpaw was gently stroked in the longitudinal plane with a cotton tipped applicator for 3 

seconds of every 5 seconds, for 5 minutes, or a 10uL droplet of acetone was applied every 30 

seconds for 5 minutes. After an additional 60-minute awake and freely moving wait time in their 

home cage, mice received an intraperitoneal injection of sodium pentobarbital (.100 mg/kg, 0.2 

mL, Fatal-Plus) and were transcardially perfused. 

 

Fluorescence in situ Hybridization (FISH) (RNAscope)  

             Mice were transcardially perfused with ice cold 1x PBS followed by 10% buffered formalin 

and brains were extracted via blunt dissection, postfixed in 10% formalin (2-4 hrs), and then placed 

in 30% sucrose at 4°C until the tissue sank (~48-72 hrs). 20 μm thick floating PBN sections were 

obtained on a cryostat and mounted on Superfrost Plus Microscope slides and air dried overnight 

at room temperature. Slides underwent pretreatment for fluorescence in situ hybridization 

consisting of 10 min Xylene bath, 4 min 100% ethanol bath, and 2 min RNAscope® H2O2 

treatment. Next, the FISH protocol for RNAscope Fluorescent v2 Assay (Advanced Cell 
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Diagnostics) was followed for hybridization to marker probes. Signal amplification was carried 

out using the TSA Fluorescein, Cyanine 3, and Cyanine 5 reagents (1:1000; Perkin Elmer or Akoya 

Biosciences). Slides were then coverslipped with VECTASHIELD HardSet Antifade Mounting 

Medium with DAPI. 

 

Microscopy and Quantification 

            All images were captured on a Nikon Eclipse Ti2 microscope using a 20x or 40x objective 

and analyzed using NIS-Elements Advanced Research software v5.02. Cells with at least 3 puncta 

associated with a DAPI nucleus were considered positive. 

 

Blinding procedures 

            In all experiments rigorous experimenter blinding was employed to promote research 

reproducibility. The experimenter was blinded to drug treatments in all behavioral pharmacology 

experiments as intraparabrachial injections were performed by a laboratory colleague thus 

providing complete anonymity of agent for each animal. For viral experiments a laboratory mate 

color-coded the virus tubes for the experimenter at the time of surgery as well as clozapine N’ 

oxide (Tocris Bisociences) vs. saline at the time of behavior. The key for coding was kept hidden 

in a notebook until the completion of all experiments. The experimenter then obtained the key for 

data analysis. 
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Statistical Analyses and Data Representation 

            All data are presented as means ± SEM. Statistical significance was determined as *P < 

0.05. All statistical analyses were performed in GraphPad Prism 9.0. Graphs and Images were 

created in GraphPad Prism 9.0., Adobe Illustrator 26.3.1., and Biorender.com. 

Appendix D.3 Results 

            First, using brush- and acetone-evoked Fos analysis we found that SNI increased stimulus-

evoked Fos expression as well as Fos co-expression in Npy1r-expressing neurons in the PBN 

(Figure 40). Thus, we hypothesized that pharmacological inhibition of the Npy1r-expressing 

neurons in the PBN would alleviate SNI-induced mechanical and cold hypersensitivity. Sure 

enough, in a brief pilot study (caveat is a low n and no baseline behavior) we found that infusion 

of the Y1 agonist [Leu31, Pro34]-NPY, reduced left hindlimb-elicited mechanical and cold 

hypersensitivity (Figure 41). 
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Figure 40. Npy1r PBN cells express Fos after mechanical and cold stimulation in nerve injured animals. 

(A, B) Fluorescence in situ labeling reveals that the percent of PBN Npy1r-expressing cells co-expressing Fos in 

nerve injured animals is higher after mechanical (light brush) or cold stimulation (acetone droplet) compared to no 

stimulation controls (anesthesia alone). One-way ANVOA with Dunnett’s post test, **p<0.01, n=7 mice per group. 

 

 

 

Figure 41. Intra-parabrachial administration of a Y1 agonist slightly alleviates nerve injury-induced 

mechanical and cold hypersensitivity. 

Infusion of the Y1 selective agonist, [Leu31, Pro34]-NPY, into the right parabrachial nucleus slightly reduces ;eft leg 

SNI-induced mechanical and cold hypersensitivity. Two-way RM ANVOA with Dunnett’s post test. n=5-7 

mice/group. 
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            These promising results led us to chemogenetically inhibit the bilateral Npy1r-expressing 

PBN neuron populations in sham and SNI mice. We found that inhibition of Npy1r-expressing 

PBN neurons with CNO alleviated mechanical and cold hypersensitivity in SNI mice but not sham 

surgery controls. Saline vehicle injections had no effect on pain-like behaviors (Figure 42). In 

addition to sensory-evoked/reflexive behavioral pain assessments we also performed conditioned 

place preference testing to assess the role of the Npy1r-expressing cells in the PBN on the affective 

component of neuropathic pain. To our surprise, chemogenetic inhibition of Npy1r-expressing 

cells in the PBN does not influence the affective component of neuropathic pain (Figure 44).  
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Figure 42. Silencing PBN Npy1r-expressing cells reduced nerve injury-induced reflexive behaviors. 

Chemogenetic inhibition of Npy1r-expressing cells in the PBN reduced (A, B) mechanical and 

(C, D) cold hypersensitivity. n=8 mice/group. 2-way RM ANOVA, *p< 0.05, Dunnett post-hoc 

tests. 
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Figure 43. Silencing Npy1r-expressing PBN cells does not influence negative affect. 

(A) Schematic of conditioned place preference. (B, C) Inhibition of Npy1r-expressing cells in the 

PBN via CNO does not alter preference for the drug-associated chamber. 2-way RM ANOVA, 

p>0.05, n=8 mice per group. 
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Appendix D.4 Discussion 

            In-situ hybridization and immunohistochemistry find many PBN neural subpopulations 

(demarcated via receptors, transcription factors, or neuropeptides) for which multiple Cre-driver 

lines readily exist to begin to understand their respective functions (Maeda et al., 2009; Palmiter, 

2018). Several groups have begun to explore the PBN. For example, PBN neurons containing 

calcitonin gene-related peptide (CGRP) exhibit Fos immunoreactivity after a footshock stimulus 

and in vivo calcium transients in response to noxious cutaneous (shock, heat, pinch, itch) and 

visceral stimuli (lipopolysaccharide) (Campos et al., 2018; Han et al., 2015). In addition to the 

PBN CGRP-expressing neural population, investigators have probed other PBN neural subtypes. 

PBN neurons that express the tachykinin receptor 1 (TACR1) are the primary target of direct spinal 

cord dorsal horn projections (Barik et al., 2021; Deng et al., 2020). TACR1-expressing neurons in 

the PBN exhibit calcium transients in response to sustained noxious (mechanical pinch, heat, cold, 

topical chemical irritants, footshock) but not innocuous or transient noxious stimuli (Barik et al., 

2021; Deng et al., 2020). Furthermore, chemogenetic activation of TACR1-expressing neurons is 

sufficient to induce spontaneous pain-related licking behaviors (Deng et al., 2020) and/or a general 

heightened arousal state with exaggerated responses to noxious stimuli (Barik et al., 2021). PBN 

neurons expressing tachykinin 1 (TAC1) trigger escape responses to heat stimuli via projections 

to the dorsal reticular formation in the medulla (MdD) (Barik et al., 2018). Neurons in the PBN 

expressing the mu opiate receptor (MOR) exhibit calcium transients in response to noxious 

mechanical and heat stimuli that can be largely diminished with systemic administration of opioids 

(Zhang et al., 2020). Interneurons within the lPBN that express prodynorphin (Pdyn) exhibit Fos 

immunoreactivity in response to capsaicin and their optogenetic activation induces real time place 

aversion (Chiang et al., 2020). 
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            Surprisingly, few studies have activated and inhibited distinct neural populations within 

the lPBN in models of chronic or persistent pain. In marked contrast to these studies, we employed 

inhibitory chemogenetics to selectively manipulate the Npy1r-expressing cells in the PBN in the 

context of established chronic neuropathic pain. Our Fos results demonstrate that SNI sensitizes 

Npy1r cells in the PBN to non-noxious mechanical stimulation. Furthermore, we found that 

chemogenetic inhibition of these cells reverses evoked but not non-evoked/ongoing pain-like 

behaviors in a mouse model of chronic neuropathic pain. Perhaps, the reason for this dichotomy is 

that the PBN Y1 cells responsible for this effect do not project to the CeA or other affective 

processing centers. Future projection terminal analyses can begin to address such hypotheses. 

 

            In the future, more studies will need to be performed in established chronic pain models to 

fully understand the role of the PBN in chronic pain modalities. We predict that our understanding 

of PBN neuron subtypes will be further revolutionized via single-cell RNA-sequencing 

technologies. In particular, single cell RNA-sequencing will further unravel the diversity and 

heterogeneity of cell types within the healthy PBN, but then can be expanded to uncover dynamic 

changes in RNA expression profiles in PBN neurons in specific chronic pain modalities (ie. 

neuropathic, inflammatory) that will drive new experimental hypotheses with therapeutic 

implications. 
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