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Abstract  

How is it possible to feel different sensations from the same area on the skin? Although 

very basic, there are still fundamental questions like this, that remain to be answered on the 

topic of sensory perception. One of the more prominent theories on how the nervous system 

solves the sensory discrimination dilemma is the “labeled line” or “specificity” theory which 

claims dedicated compartments of the system, e.g. marked peripheral afferent subpopulations, 

are responsible for specific sensory modalities. If proven accurate, this model inspires 

“compartmentalized therapy” which aims to alleviate sensory diseases through targeting 

specific elements responsible for individual modalities, like pain or itch. In contrast, if multiple 

modalities share similar elements of the sensory system, compartmentally targeting such 

flexible system can lead to compensatory modulation of other compartments leading to 

inefficacy of the therapeutic approach. Although the debate on specificity versus multimodality 

is ongoing in the field of sensory biology, in the recent years, absence of evidence for 

multimodality in certain specific genetic and behavioral studies has been interpreted as 

evidence of absence. Here, I will propose that the failure to detect evidence of multiple 

compartments’ contribution to diverse modalities is due to overlooked technical limitations. 

Limitation of common approaches such as animal sensory behavioral assays, optogenetics, 

chemogenetics, and single time point snapshot transcriptomic tools such as single cell RNA 

sequencing may have led us to believe that compartments not tuned for a specific modality are 

dispensable for that sensation.  
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In this dissertation, with the aim to iterate the need for wholesome approaches in sensory 

biology, I will bring convincing evidence for functional dynamism and genetic heterogeneity in 

the peripheral primary sensory system. In the first data chapter (Chapter 2) I will focus on 

multimodal capacity of a subset of primary afferents to prove a single population of neurons 

can contribute to transmission of different senses, itch and pain. I will also introduce molecular 

players that are involved in modulation of the signals in a modality specific manner, i.e. 

engagement of TRP channels in itch but not pain transmission through MRGPRA3 expressing 

afferents. In the second data chapter (Chapter 3), with multimodality in mind, I will provide 

elements of a single-cell transcriptomic atlas of human primary sensory ganglia. Taking 

advantage of single-nucleus RNA and ATAC sequencing, I lay down how multiple functional 

pathways are expressed in single neuronal populations of human dorsal root ganglia. As 

important contributors to sensory coding in health and disease, information of the 

transcriptomic and genomic repertoire of non-neuronal ganglia resident cells will also be 

included in this chapter.  

I trust that this dissertation will highlight the necessity of recognizing technical pitfalls in 

sensory research, particularly pain related studies. I also hope to assert the importance of 

multimodality and to build a solid base for more wholesome research that can lead to a better 

understanding of sensory discrimination mechanisms. 
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Résumé 

Multimodalité fonctionnelle et  
hétérogénéité cellulaire dans  

le système nerveux somatosensoriel périphérique 

Comment est-il possible d’éprouver différentes sensations sur une zone déterminée de 

la peau ? Dans le domaine de la perception sensorielle, un très grand nombre de questions 

fondamentales comme celle-ci, même élémentaires, restent toujours sans réponse. Afin 

d’expliquer de quelle façon le système nerveux est capable de discriminer les différentes 

perceptions sensorielles, la théorie prédominante est celle des “lignes étiquetées“ ou de la 

“spécificité“.  Selon cette théorie, des compartiments dédiés du système nerveux, par exemple 

des sous-populations afférentes périphériques génétiquement définies, seraient responsables 

de modalités sensorielles spécifiques. Si ce modèle s’avère exact, il encouragerait la “thérapie 

compartimentée“ dont le but est de soulager les troubles sensoriels en ciblant spécifiquement 

les éléments responsables de modalités individuelles, telle que la douleur ou le prurit par 

exemple. A l’inverse, si plusieurs modalités ont en commun des éléments du système sensoriel, 

les cibler de façon compartimentée pourrait entraîner l’apparition de phénomènes 

compensatoires, ce qui conduirait à un échec de l’approche thérapeutique. Récemment, et 

alors que le débat entre spécificité et multimodalité est en cours dans le domaine de la 

recherche sensorielle, l’absence de preuve de multimodalité dans certaines études génétiques 

et comportementales a été interprétée comme une preuve de son absence. Je propose ici de 
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montrer que si la contribution de multiples compartiments à des modalités différentes n’a pu 

être mise en évidence, c’est en raison de l’existence de certaines limitations techniques qui ont 

été négligées. En effet, ces limitations dans les approches fréquemment utilisées que sont les 

tests de comportement sensoriels chez les animaux, l’optogénétique, la chimiogénétique ou les 

outils transcriptomiques comme le séquençage d’ARN de cellule unique, ont pu nous conduire à 

penser que des compartiments non adaptés à une modalité spécifique sont superflus pour une 

sensation donnée 

Dans ce travail, avec l’objectif de renforcer la nécessité d’utiliser une approche 

neuroscientifique plus globale, j’apporterai des preuves concrètes de l’existence d’un 

dynamisme fonctionnel et d’une hétérogénéité génétique au sein du système sensoriel 

primaire périphérique. Le premier chapitre de données (Chapitre 2) abordera la capacité 

multimodale d’un sous-ensemble d’afférents primaires, avec la démonstration qu’une sous-

population de neurones peut contribuer à la transmission de différentes sensations telles que 

douleur et démangeaison. Je présenterai également les acteurs moléculaires contribuant à la 

modulation des signaux d’une modalité donnée, avec l’implication des canaux TRP dans la 

transmission de la sensation de démangeaison, mais pas dans celle de la douleur, via les 

afférences exprimant MRGPRA3. Dans le second chapitre de données (Chapitre 3), et dans le 

contexte de multimodalité, je partagerai des éléments d’un atlas transcriptomique en cellule 

unique des ganglions sensoriels primaires humains. Bénéficiant des techniques de séquençage 

d’ARN à noyau unique et d’analyse de l’accessibilité de la chromatine (ATAC-seq), j’apporterai 

la preuve de la co-expression de plusieurs voies fonctionnelles dans une population neuronale 

unique des ganglions spinaux humains. Du fait de leur contribution essentielle au codage 
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sensoriel chez les individus en santé et chez les individus malades, le répertoire génomique des 

cellules non neuronales résidentes des ganglions sera également inclus dans ce chapitre. 

J’espère que ce travail fera ressortir la nécessité de reconnaître l’existence d’écueils techniques 

dans la recherche sur les systèmes sensoriels, plus particulièrement dans les études sur la 

douleur. J’espère également souligner l’importance de la multimodalité et jeter une base solide 

pour l’utilisation d’une recherche plus globale afin de mieux comprendre les mécanismes de la 

discrimination sensorielle. 
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Chapter 1: General Introduction 

General Introduction 
 

 

In this chapter I will provide the rationale for the current thesis, state the main 

objectives, and outline the background upon which the general hypotheses were built.  

Further introduction and more detailed literature review are provided within each data chapter. 
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Rationale 

Senses were called “the windows of the soul” by ancient philosophers. Some also 

believed senses are essential for distinguishing “animals” from “plants”. In 350 BC as part of his 

“Short Treatises on Nature” in “Sense and the Sensible”1, Aristotle wrote: 

“The most important attributes of animals, whether common to all or peculiar to some, 

are, manifestly, attributes of soul and body in conjunction, e.g. sensation, memory, 

passion, appetite and desire in general, and, in addition pleasure and pain. … Now it is 

clear, alike by reasoning and observation, that sensation is generated in the soul through 

the medium of the body.” 

Senses are the inputs to the nervous system, whether they are from within the body or from 

the external world. Arguably, these inputs are what shape and mature the function of the 

nervous system in order to maintain one’s normal functions in health and to signal menace 

during disease. Therefore, understanding how various sensory modalities are transmitted and 

differentiated by the nervous system is crucial for understanding the physiological basis of 

health and disease.  

Current beliefs that dedicated cellular subpopulations are involved in exclusive transmission of 

specific sensory modalities have justified efforts for developing therapeutic strategies that 

target isolated classes of cells defined by genetic markers. Evidence for multimodal capacity of 

neuronal subpopulations, i.e. contribution of cells to transmission of multiple sensory 

modalities, can underline the need for revisiting specificity or partly redefining how these cell 

                                                      
1 Parva Naturalia, De Sensu et Sensibilibus, translated by J.I. Beare and G.R.T. Ross (Oxford 
1931) 
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types are distinguished. This can also highlight the importance of molecular modulations that 

can contribute to sensory discrimination in an overarching manner, which is irrespective of 

which cluster the transmitting fibers belong to. To this end, dissecting the genetic material of 

the primary sensory cells at single-cell levels can provide the basis for required redefinitions 

and also formulate the molecular maps for finding the overarching modulators. Furthermore, 

inclusion of non-neuronal cells of the primary sensory ganglia in such single-cell genomic 

surveys can shine light on extra-neuronal modulations of sensory coding as new areas of 

research and novel therapeutic targets.  

  



 

24 | C h a p t e r  1 :  G e n e r a l  I n t r o d u c t i o n  
 

Objectives 
 The general rationale described in the previous section pertains to different modalities, 

organs, and levels of the sensory system, yet the research included in this dissertation is 

targeted to primary sensory ganglia. More specifically, this research is focused on the dorsal 

root ganglia (DRGs) which are the forefronts of the nervous system receiving first-hand 

information from multiple sensory organs including the skin. As the largest organ in our body, 

skin is responsible for detection of various sensory modalities. Among the most primitive of 

such modalities are pain and itch. These distinct yet very similar aversive sensations can be 

detected from the same location on the skin, i.e. receptive fields, and are also transmitted 

through similar DRGs. This, among other reasons described later, makes these two modalities 

ideal for investigating multimodality. Furthermore, the first order somatosensory neurons are 

among the most studied in the context of “labeled line theory” with different cells claimed as 

“pain-specific”, “itch-specific”, “proprioceptive-specific”, etc. Hence, DRGs are important sites 

for transcriptomic studies with extensive clustering efforts towards identifying 

compartmentalized therapy targets. 

In order to prove multimodality in first order neurons, and to push somatosensory research 

advancement in new directions, I will have two main objectives in this dissertation: 1) to 

provide solid evidence that a single population of primary afferents are capable of transmitting 

multiple sensory modalities and introduce possible molecular contributors to this 

multimodality. 2) to provide a comprehensive and reliable genomic resource for understanding 

the molecular repertoire and functional capacities of individual cells in the human DRGs as 

prototypical human primary sensory ganglia.  
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1) Prove multimodality in the peripheral sensory system 

In contemporary somatosensory research, the question of peripheral sensory coding has 

been streamlined to specificity versus polymodality. Surprisingly, despite a large body of 

contrary evidence from old (Beitel and Dubner, 1976; Solís-Cámara and Negrete-Martínez, 

1968) and modern (Prescott and Ratté, 2012; Prescott et al., 2014; Wang et al., 2018) literature, 

it seems that specificity theories have gained more support in the recent years. This may be 

owing to several transgenic ablation/silencing studies that demonstrated single modality 

reductions while other sensory modalities tested are spared (i.e. absence of statistically 

significant reduction) (Han et al., 2013; Roberson et al., 2013; Stantcheva et al., 2016). It can 

also be due to easier conceivability of such theories and their appeal for conceptualization of 

compartmentalized therapies. On the other hand, the complexity of experimental design, 

analysis, and interpretation for polymodal sensory afferents, and the difficulty to theorize how 

they contribute to sensory coding in health and disease may have caused setbacks. 

Notwithstanding, there are several key arguments for supporting specificity that are utilized for 

dismissing the multimodal nature of primary afferents. Among these are dispensability, 

experimental effects, and definition issues. Here I will briefly discuss these arguments and 

describe how I address these issues in the experiments performed for objective 1 (Chapter 2) of 

this dissertation. 

As briefly mentioned, many studies promoting somatosensory labeled lines and claiming 

specificity in the recent years have relied on dispensability. In other words, upon ablation, or 

silencing, of population X, sensation A is reduced but sensation B is not significantly changed, 
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hence population X is a labeled line for sensation A. This is regardless of the fact that recording 

studies might have shown sensitivity of population X to stimuli with modality B; the argument 

being that behavioral outcomes are more important than cellular responses as redundant 

signals can be filtered further in the sensory pathway. As mentioned in the introduction in 

chapter 2, for itch alone, there are multiple studies identifying “itch-specificity” in distinct 

neuronal populations (Han et al., 2013; Liu et al., 2012; Roberson et al., 2013; Solinski et al., 

2019; Stantcheva et al., 2016). These populations, when combined can sum up to 40% of the 

DRG neuronal population and almost half of the C nociceptors known to be mechanically 

activated. Therefore, we designed novel behavioral assays, trying to show the possibility of 

transduction of sensory modalities other than itch by activating one of these “itch-specific” 

populations. As argued in chapter 2 discussion, we believe precision of the behavioral tests 

used and detection sensitivity of previous experiments might be the main source of 

discrepancy. 

Another source of discrepancy in the studies debating specificity vs. multimodality, is the 

experimental effects and the changes that research techniques impose on the afferents. For 

instance, Emery and colleagues (Emery et al., 2016) discuss that in vivo recording of calcium 

responses in dorsal root ganglia shows that more than 85% of these cells are activated solely by 

single stimulus modalities, unlike previous in vitro studies showing up to 80% being polymodal 

(Lawson et al., 2019) and further studies re-confirming widespread multimodality (Chisholm et 

al., 2018; Wang et al., 2018). They also argue that the high rate of multimodality observed in 

electrophysiological recordings of cultured primary afferents is likely a side effect of 

experimental conditions and the fact that these neurons are not intact and in their natural 
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milieu. Moreover, they discussed that by inducing chemical inflammation at the peripheral 

terminal site of primary afferents in hindpaws, they observed a slight increase in multimodal 

afferents. Although there are more detailed studies published since, that show greater 

percentages of multimodal cells in DRGs in vivo (Wang et al., 2018), it is still important to keep 

in mind the general concern about experimental manipulations and their effects on 

multimodality. Therefore, in order to reduce the possible alteration by experimental effects, in 

experiments described in objective 1 of this dissertation (chapter 2), we included behavioral 

assays performed on naïve wild-type animals that were not genetically or surgically 

manipulated in any forms as well. 

Finally, incongruity of definition, the fallacy of an overly broad definition for subpopulations, is 

another commonly referred to argument when multimodality is demonstrated. In other words, 

if there is evidence that population X can contribute to modalities A and B, this might be due to 

the fact that a subpopulation of afferents, Xa, is responsible for A and another subpopulation, 

Xb, is responsible for B. Although likely to fall into circular debates and truly hard to refute, I 

will try to address this argument by elimination. Strictly speaking, if population X is shown to be 

involved in both sensory modalities A and B, and if population Xa is shown to transmit modality 

A, if we remove A-inducing Xa subset from X and as a result perception of sense B is reduced, at 

least part of Xa is multimodal and contributes to both A and B. In chapter 2, after activity-

dependent silencing of target afferents, I will measure pain modality to verify these “itch” 

fibers’ contribution to pain. 

As a proof of concept, chapter 2 will be dedicated to proving multimodal coding of itch and pain 

through the chloroquine receptor MrgprA3-expressing population of primary sensory afferents 
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previously described as “specifically linked to itch” (Han et al., 2013). Other than their 

significant clinical importance (St Sauver et al., 2013; Vos et al., 2016), itch and pain were 

chosen as they are similarly aversive sensations induced in the same receptor fields but they 

evoke distinct behavioral responses (withdrawal vs removal) (refer to literature review for 

further details about these modalities).  
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2) Provide a cellular atlas of primary sensory ganglia 

Beyond theoretical models of specificity and multimodality in sensory systems, there is no 

doubt on the physiological and clinical importance of primary sensory ganglia. As gateways for 

somatosensory signals, the primary sensory ganglia (DRG and trigeminal ganglia), are already 

the sites of therapeutic interventions for sensory disorders such as chronic pain (Liem et al., 

2016). These ganglia are composed of highly heterogeneous cells and unique anatomical 

structures that support the cell bodies of primary afferents, the longest cells in vertebrates 

(Devor, 1999). It is becoming more and more evident that key information for improving 

therapeutic interventions, e.g. analgesic or anti-pruritic treatments, is ingrained in 

understanding these cellular heterogeneities in sensory ganglia; not only among the neurons 

but also among their non-neuronal counterparts. Depending on the sensory coding models in 

mind, the elements defining diversities among ganglionic cells can be used as markers for 

categorization (e.g. for labeled lines), or for better understanding common molecular pathways 

that can modulate sensory signal transmissions (e.g. in multimodal signaling). 

For this objective, as shown in chapter 3, I will take advantage of single-nucleus RNA and ATAC 

sequencing of whole human DRGs. The single-cell resolution of transcriptomic data has been 

used for providing new ways of grouping and categorizing primary afferents in rodents and 

humans (Nguyen et al., 2017, 2019, 2021; Ray et al., 2018; Sharma et al., 2020; Usoskin et al., 

2015; Wangzhou et al.; Zeisel et al., 2018). As mRNA molecules are relatively short-lived, with 

half-lives of up to hours (Chen et al., 2008), complementing transcriptomic data with 

information on longer-lasting epigenomic modifications, which can persist in neurons for 
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months to years (Maze et al., 2015), at the single-cell level, can generate a one-of-a-kind 

resource. Furthermore, inclusion of non-neuronal cells in this resource can bring additional 

value and contribute to sensory research in ways never explored before.  
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Literature Review 

Sensations 

Historically, five modalities of sensation were described by philosophers such as 

Aristotle: touch, taste, smelling, hearing, and seeing. It is known now that several types of 

sensory modalities can be perceived by human sensory systems generating awareness for 

external (exteroception) or internal (interoception) stimuli: e.g. thermosensation, 

proprioception, equilibrioception, nociception, pruriception. While by representing attractive 

and aversive stimuli and providing feedbacks, these sensations help mature and maintain the 

nervous system throughout development and health, if the representation mechanisms 

become faulty, they can undergo malignant states and cause disabilities of their own. 

Therefore, it is of essential importance to understand sensory biology both in health and 

disease. 

Sensory signals are primarily transduced by first-order afferents bearing specialized receptors 

from sensory organs with specialized receptive fields. These receptors and receptive fields are 

defined individually, depending on the sensory modality, e.g. colors in different parts of the 

visual field, frequencies and amplitudes of audible acoustic waves, or the temperature of an 

object on finger tips. Abnormal signals from these afferents can result in abnormal perceptions 

which can be categorized based on their sensory outcome. Hypoesthesia is when sensations are 

lowered in intensity (or complete insensitivity). Hyperesthesia happens when there is 

oversensitivity to stimuli (e.g. hyperalgesia). Paresthesia happens when an unusual sensation 
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(e.g. a mixture of burning, tingling or prickling) is perceived. And dysesthesia is the condition 

where sensations are confused with one another (e.g. allodynia or alloknesis). 

Arguably the goal of sensory research is to provide options for treating sensory disorders. Yet, 

the first step is to understand how senses are detected and transmitted by the primary 

afferents so we can then figure how their messages can be altered in order to signal altered 

intensities or sensory cross talks. Before introducing some of the models for sensory coding and 

how intensities and modalities are transmitted, in the next section I will introduce the 

sensations that I selected as model modalities to investigate some of these questions. I will use 

pain and itch to describe in more details some of the interactions sensory modalities may have 

with one another and further in this chapter will use them to introduce the theories on how 

sensory discrimination can be achieved. 
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Pain and itch 

After years of international debate, in year 2011 through the “Declaration of Montreal”, 

access to pain management was declared a fundamental human right (International Pain 

Summit Of The International Association For The Study Of Pain, 2011). Not only this speaks to 

the importance of pain and the burden it is imposing on individuals and societies, but also it 

highlights the shortcomings and limitations that exist in understanding, treating, and managing 

pain. As a common symptom of many clinical conditions, and now accepted as its own disease, 

pain is the single top reason for visits to medical professionals, closely followed by other 

sensory complications such as itch (Fishman, 2007; St Sauver et al., 2013; Vos et al., 2016). 

In the last decade, pain researchers have shown an increasing interest in understanding itch. 

Itch, or pruritus, is defined as an unpleasant sensation which leads to scratching behavior (or 

the desire to scratch). Similarly, pain can be defined as an unpleasant sensation associated with 

actual or potential damage (Merskey, 1979), with the difference being that it leads to 

withdrawal behavior rather than scratching. This similarity might be the reasons why Max von 

Frey, a prominent pain physiologist, in the early twentieth century, called itch “pain’s little 

brother” and why scientists who study nociception (mechanisms for encoding and processing 

pain) are also interested in pruriception (mechanisms for encoding and processing itch). Here, I 

will highlight some similarities between these two sensations. 

In the following paragraphs I will describe how nociception and pruriception, more than any 

other sensory modality, share anatomical pathways, influence one another, exhibit similar traits 
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and can transform interchangeably into one another (Akiyama et al., 2012; Bautista et al., 2014; 

Green and Dong, 2016; Han and Dong, 2014; Schmelz, 2015; Wilson and Bautista, 2013). 

Anatomically, pain and itch share peripheral and central pathways. In the periphery, there is no 

evidence of purely itch-sensitive afferent fibers; all proposed pruriceptors (primary afferent 

fibers which convey itch sensation) are also responsive to painful stimuli, i.e. are nociceptors 

(LaMotte et al., 2014). This pathway overlap continues into the central nervous system (CNS) as 

well; itch information is projected to the same loci in the brain as pain is relayed to (Mochizuki 

et al., 2013), through the same spinal column (anterolateral system, or spinothalamic tracts) 

(Warren et al., 2018). 

Pain and itch sensations can interact with each other. An example of the main influences of 

these two unpleasant sensations on one another is the occurrence of itch suppression by high-

threshold noxious stimuli such as scratching. Decreased responsiveness to itch, or hypoknesis, 

can also be observed after painful electrical stimuli (Nilsson et al., 1997) or in the allodynic area 

surrounding an injection of capsaicin, the pungent compound in hot chili pepper (Brull et al., 

1999). On the other hand, increased responsiveness to peripheral stimuli has been shown in 

itch-relaying projection neurons of the spinothalamic tract after capsaicin injection (Simone et 

al., 2004). 

Similar characteristics of nociception and pruriception have been demonstrated in analogous 

conditions. One remarkable example of these similarities is agonist-evoked dysesthesia. While 

injection of an algogen (i.e. a pain-producing substance such as capsaicin) can induce allodynia 

(Sang et al., 1996), injection of a pruritogen (i.e. an itch-inducing substance such as histamine) 
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can result in alloknesis (Heyer et al., 1995) in a similar fashion. Furthermore, there are 

circumstances in which pain can be perceived as itch and vice-versa. These misperceptions can 

occur in specific disease states. For instance, patients with atopic dermatitis might sense itch 

when exposed to painful stimuli (Ikoma et al., 2004) while some patients suffering from 

neuropathic pain experience pain following application of pruritogens, such as histamine (Baron 

et al., 2001). Such sensory transformation can also be induced in experimental settings. For 

example, ablation of neurons which express the vesicular glutamate transporter 2 (VGluT2) (Liu 

et al., 2010) or silencing the neurons which express transient receptor potential cation channel 

V1 and A1 (TRPV1 and TRPA1) concurrently (Roberson et al., 2013) turned pain into itch. On the 

other hand, itch can be transformed into pain when bradykinin injection preceded histamine 

(Koppert et al., 1993). 

These similarities, which are extended from cellular and anatomical levels to behavioral and 

cognitive levels, indicate that within the interconnected realm of somatosensation, itch and 

pain modalities share an even closer relationship. This close relationship, added to the 

existence of animal behavioral assays designed for discriminating their perception (Akiyama et 

al., 2014; LaMotte et al., 2011; Shimada and LaMotte, 2008; Yuan et al., 2016), makes the study 

of these two sensory modalities the ideal experimental paradigm for addressing the sensory 

discrimination dilemma. 
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Sensory coding theories 

Regarding how multiple sensory modalities can be sensed from the same body area, e.g. 

skin, the cellular mechanisms are still debated. It is accepted that the initial sensory signals are 

carried through the primary sensory afferents, i.e. the focus of this dissertation, but whether 

these signals hold the modality information or they only carry intensity information, is a point 

of contention. Here I would try to introduce some of the theories that have been debated over 

the years. These theories can be reviewed based on two distinct parameters: “information 

contents” and “informative units”. In other words, what type of information is carried by 

sensory neurons when activated by a stimulus, and what the minimum information units of 

sensory system are that can sufficiently signal a stimulus. 

In terms of information contents, sensory coding theories can primarily be categorized based 

on how they conceive neurons and neural coding mechanisms. Many current models of sensory 

coding reduce neurons to ON/OFF switches that can message start, end, and possibly intensity 

of stimuli by their firing (Azarfar et al., 2018; Gjorgjieva et al., 2019). These models suggest that 

other information, for instance the modality and location of stimuli, is inherent to the 

“messenger”, i.e. which neurons or pathways are activated. Other models propose that 

neurons can transmit further information through mechanisms such as time-to-first spike 

(Johansson and Birznieks, 2004), phase-of-firing (Montemurro et al., 2008), and firing patterns 

(Shoemaker et al., 2018). 

Whether exclusively carrying intensity, or carrying multimodal information, neuronal coding of 

sensation can alternatively be classified based on their perspective on minimum information 



 

C h a p t e r  1 :  G e n e r a l  I n t r o d u c t i o n  | 37 
 

units. At this level, sensory coding theories can be divided into models relying on single neurons 

vs populations of neurons for reliably transmitting stimuli information. Depending on how to 

perceive information contents of the signals transmitted through single neurons, the 

recruitment of neuronal populations can either be proposed for modulation of modalities (Ma, 

2012), improved subthreshold signal and error detection (e.g. through stochastic resonance) 

(McDonnell and Abbott, 2009), disambiguation of signals (e.g. through population voting 

(Georgopoulos et al., 1988)), or for quality and modality coding (Panzeri et al., 2015).  

Somatosensory modalities, such as pain, itch, touch, and thermosensation, have been used for 

development of models for sensory discrimination. As mentioned above, I have opted to focus 

on two of these modalities, itch and pain. Historically, the cognitive, anatomical, and 

physiological similarities of pruriception and nociception have contributed to proposals of 

various models for the neurophysiological basis of sensory discrimination. In the following 

paragraphs a brief review of common sensory coding models, specifically focused around itch 

and pain, is presented.  

One of the first and most intuitive models proposed for somatosensory discrimination is 

“intensity theory” which is based on rate/frequency coding. This model suggests that transition 

from itch to pain is made through peripheral afferents increasing their discharge frequency. In 

the case of itch and pain, there is evidence that increased amounts of purely pruritogenic 

compounds, such as histamine, or reduced concentrations of pure algogens such as capsaicin, 

do not lead to modality shifts (or behavioral switches in animal models) (LaMotte et al., 2014). 

Yet as there are recent evidence for increased activity of higher-order neurons resulting in 
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differential behavior generation, e.g. mating versus fighting (Lee et al., 2014), revisiting such 

intensity based theories, particularly at population levels, may be necessary. 

Pattern theory is the basis to another model of itch/pain discrimination. This model, proposes 

that itch and pain are differentiated by the firing patterns of the nociceptors. Entertaining ideas 

such as differential release of neuro-modulators based on firing patterns generated by distinct 

stimuli, there are recent studies showing itch transmission upon burst stimulation of primary 

afferents while their single pulse activation did not generate increased behavioral outcomes 

(Pagani et al., 2019).  

As mentioned before, specificity models of somatosensory discrimination, i.e. “labeled line” 

model, suggest that there are certain types of afferents allocated to itch sensation. Several 

populations of pruriceptive neurons have been proposed in the periphery (Han et al., 2013; Liu 

et al., 2012; Roberson et al., 2013; Solinski et al., 2019; Stantcheva et al., 2016) and the CNS 

(Sun and Chen, 2007). While there is clear evidence that activation of these neurons can induce 

itch, activation of these fibers by painful stimuli and their contribution to nociception remains a 

highly debated matter. 

Another proposed model for modality discrimination based on population coding of peripheral 

afferents is the “spatial contrast theory” (Namer and Reeh, 2013). This model claims that itch 

sensation can be perceived if a single or very few activated nociceptor receptive fields are 

surrounded by inactive ones. One specific piece of evidence for the relevance of spatial pattern 

of stimuli on the skin was shown by induction of itch, and not pain, when capsaicin was 

delivered in a punctate manner by inactivated cowhage spicules (Sikand et al., 2009, 2011). As 
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combinatorial models, that suggest single-cell and population coding strategies being used 

concurrently by the peripheral nervous system, are gaining more support (Fardo et al., 2020; 

Follmann et al., 2018; Panzeri et al., 2017), the spatial contrast theory is expected to receive 

more attention in the coming years.  
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Cellular diversity in primary ganglia 

Regardless of how sensations are coded, cellular diversity among primary afferents is 

clearly a contributor to their function (Koerber and Mendell, 1988; Lallemend and Ernfors, 

2012; Marmigère and Ernfors, 2007; Meltzer et al., 2021; Mense, 1990). Studying the peripheral 

sensory afferents has always been linked to categorizations based on these diversities, whether 

they are stemming from morphological, cytochemical, or extracellular interaction 

characteristics. Here, I will briefly introduce some of these classification approaches and their 

contribution to understanding sensory biology. 

Many of the original studies on sensory afferents, identified different clusters based on 

anatomical characteristics. Depending on the site of investigation, these characteristics could 

be based on cell bodies (Campbell, 1946; Clark, 1926; Hatai, 1901; Yoshida and Matsuda, 1979), 

size of fibers (i.e. diameters) (Hursh, 1939; Rexed and Sourander, 1949), structures they 

innervate (Koerber et al., 1988), or myelination states (Gasser, 1950). In some of these early 

studies, theoretical modeling, combined with electrical stimulation and recording techniques, 

unraveled correlations between these anatomical characteristics and the information contents 

of the fibers (Dawson, 1956; Goldman and Albus, 1968). These studies also built the foundation 

of our understanding on sensory receptive fields (Eccles, 1964; Johansson, 1976; Johansson and 

Vallbo, 1980), sensory sensitization (Torebjörk and Ochoa, 1980), and differences in conduction 

velocity among major classes of fibers (Dawson, 1956; Gasser and Erlanger, 1927; Hursh, 1939). 

This in turn was expanded to classifications based on myelination states with Aβ fibers being 

fast-conductive highly myelinated cells, Aδ slow conducting lightly myelinated cells, and small-
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diameter unmyelinated C fiber cells (Harper and Lawson, 1985a, 1985b). This classification also 

correlated with previous morphological clusterings as highly myelinated cells also tend to have 

larger cell bodies and higher diameter axons (Bishop, 1959; Lawson and Waddell, 1991). As 

stimulation thresholds, conduction velocities, and signal patterns were shown to be different 

among primary sensory neurons with different myelination states, cells belonging to different 

categories of such classification were easily correlated with different sensory modalities 

(Torebjörk and Ochoa, 1980). Based on such deductions, it has become a common belief that 

nociceptive afferents are mainly of C types and most A afferents are low threshold 

mechanoreceptors (Todd and Koerber, 2006). Although there is evidence for myelinated fibers 

contributing to pain (Burgess and Perl, 1967; Djouhri and Lawson, 2004) and unmyelinated 

fibers’ contribution to touch (Johansson et al., 1988; Vallbo et al., 1993), this classification is still 

commonly referred to in the field of somatosensory research as they also tend to correlate well 

with cytochemical classifications (Lawson and Waddell, 1991). 

With the advancement of cytochemical techniques and establishment of proteins as functional 

units in the cells, expression of sensory-related proteins in primary afferents was presented as a 

classification method (Senba and Kashiba, 1996). Over the years, the use of functionally 

relevant cytochemical elements as clustering parameters (Carr and Nagy, 1993; Le Pichon and 

Chesler, 2014) evolved into efforts to find markers that are differentially expressed in 

subpopulations of afferents (Gatto et al., 2019). With this new approach, taking advantage of 

large scale “omics” techniques, there are many published and ongoing projects that aim to 

“unbiasedly” cluster primary afferents based on their cytochemistry (Kupari et al., 2021; 

Nguyen et al., 2021; Ray et al., 2018; Usoskin et al., 2015; Wangzhou et al.; Zeisel et al., 2018).  
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Another source of diversity is unmasked when sensory neurons are considered in their natural 

environment and not in isolation. The networks these cells belong to, the chemical milieu 

around their cellular compartments, and the other cells they interact with can fundamentally 

change their function. In terms of networks in the spinal cord, different subpopulations of 

peripheral afferents tend to have distinct innervation densities into various layers of the dorsal 

horn (Yousefpour, 2021). Although there are no modality-specific nuclei or regions known in 

the spinal cord, it is generally accepted that various circuits in the dorsal horn contribute to 

sensory modality processing in health and disease by involving different interneuron 

populations (Bourojeni, 2020). In terms of chemical milieu, there is evidence that subsets of 

primary sensory neuronal subtypes express different immune and cytokine receptors (Cevikbas 

et al., 2014; Jakob et al., 2021; Solinski et al., 2019). It has also been shown that the excitability 

of sensory afferents and their signaling properties can be influenced by local chemical changes 

such as inflammation (Miller et al., 2009; Momin and McNaughton, 2009). Nevertheless, there 

are not many studies that attempted the clustering of peripheral afferents based on their 

capability to respond to local environmental changes (for instance immune interactions such as 

those discussed by (Solinski et al., 2019)), nor are there detailed studies on differential 

capacities of neuronal subtypes to react to physiological changes (Nguyen et al., 2019). Finally, 

when aiming to understand the functional diversity of peripheral afferents, it is important to 

consider the other cell types they interact with. Other than evidence for close connections 

between neurons in sensory ganglia (Amir and Devor, 1996; Kim et al., 2016; Rozanski et al., 

2012), there are multiple non-neuronal cell types that are shown to closely interact and 

influence primary afferents (Esposito et al., 2019; Feldman-Goriachnik and Hanani, 2021; 
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Haberberger et al., 2019; Kung et al., 2013). These non-neuronal cells and their - possibly 

differential - contribution to sensory coding are gaining attention in the recent years as 

important sensory players in health and disease (Hanani and Spray, 2020; Iwai et al., 2021).  
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Summary 

Itch and pain are distinct unpleasant sensations which can be triggered from the same 

receptive fields in the skin, raising the question of how pruriception and nociception are coded 

and discriminated. Here we tested the multimodal capacity of peripheral first-order neurons, 

focusing on the genetically-defined subpopulation of mouse C-fibers that express the 

chloroquine receptor MrgprA3. Using optogenetics, chemogenetics and pharmacology, we 

assessed the behavioral effects of their selective stimulation in a wide variety of conditions. We 

show that metabotropic Gq-linked stimulation of these C-afferents, through activation of native 

MrgprA3 receptors or DREADDs, evokes stereotypical pruriceptive rather than nocifensive 

behaviors. In contrast, fast ionotropic stimulation of these same neurons through light-gated 

cation channels or native ATP-gated P2X3 channels predominantly evokes nocifensive rather 

than pruriceptive responses. We conclude that C-afferents display intrinsic multimodality and 

we provide evidence that optogenetic and chemogenetic interventions on the same neuronal 

populations can drive distinct behavioral outputs. 

Keywords 

pruritus, nociception, somatosensation, optogenetics, chemogenetics, C-fibers, MrgprA3, P2X3 
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Introduction  

Itch and pain are the primary presenting symptoms in most clinical visits (St Sauver et al., 2013) 

and the causes of disability in many burdensome diseases (Vos et al., 2016). Basic 

understanding of how distinct somatosensory modalities are transduced and perceived in 

healthy and disease states has significantly improved with the identification of neuronal 

subcategories and spinal pathways. In particular, primary afferents have been categorized and 

characterized extensively (Le Pichon and Chesler, 2014; Usoskin et al., 2015; Zeisel et al., 2018). 

Despite advancements in understanding somatosensory transduction, the basic principles of 

sensory modality discrimination, especially for overlapping modalities such as itch and pain, 

remain unclear. 

Itch is defined as an unpleasant sensation which leads to scratching or the desire to scratch, a 

behavior aimed at removal of chemical or mechanical irritants. Similarly, pain can also be 

described as an unpleasant sensation, with the difference being that it leads to withdrawal or 

mitigating behavior rather than scratching. Pruriception and nociception share anatomical 

pathways (Davidson and Giesler, 2010; Klein et al., 2011) and influence one another (Brull et al., 

1999; Nilsson et al., 1997; Simone et al., 2004). However, this close relationship, contrasted by 

distinct behavioral outcomes, poses a conundrum: how does the somatosensory system 

differentiate itch from pain to trigger the appropriate response i.e. fight (removal) versus flight 

(withdrawal)? 

Historically, various models for somatosensory discrimination have been proposed, based on 

intensity of stimuli, firing pattern of the afferents, subcategories of modality-specific neuronal 
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populations, or spatial pattern of the stimuli (LaMotte et al., 2014; McMahon and Koltzenburg, 

1992; Schmelz, 2015). The most studied model for itch is the “labeled line” or “specificity” 

theory: dedicated cellular components, from the periphery to the brain, are specialized for 

pruriceptive transduction, transmission and perception (McMahon and Koltzenburg, 1992). The 

Mas1-related G protein-coupled receptor A3 (MrgprA3)-expressing subpopulation of 

unmyelinated (C) afferents has been proposed as one “labeled line” for itch (Han et al., 2013). 

Mrgprs constitute a family of G protein-coupled receptors enriched in non-peptidergic primary 

somatosensory neurons (Dong et al., 2001; Lembo et al., 2002; Liu et al., 2009; Zylka et al., 

2003). MrgprA3, or its human ortholog MrgprX1, is the main receptor of the pruritogenic 

compound chloroquine (CQ) and multiple converging evidence indicate that the MrgprA3-

expressing primary sensory neurons specifically mediate CQ-induced itch responses (Han et al., 

2013; Liu et al., 2009; Ru et al., 2017). As no significant reduction in pain behavior was observed 

following ablation of MrgprA3 C-afferents in adult mice, their dispensability for nociception was 

inferred. Essentiality and sufficiency of these neurons for pruriception were also demonstrated 

as their ablation leads to a reduction in itch behavior while their activation by capsaicin in 

Trpv1-/-;MrgprA3Cre-GFP;ROSA26Trpv1 mice resulted predominantly in scratching behaviors (Han et 

al., 2013). 

Other peripheral “labeled lines” have been characterized as pruriceptive primary afferents, 

including somatostatin-expressing neurons responsible for itch induced by Il-31 and 5HT 

(Stantcheva et al., 2016), MrgprA3-negative histamine-sensitive pruriceptors (Roberson et al., 

2013), and MrgprD afferents mediating β-alanine-induced itch (Liu et al., 2012). Tallying the 

“labeled lines” for itch results in a large proportion of primary somatosensory neurons including 
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most non-peptidergic C-fibers reported as mechano-nociceptors (Scherrer et al., 2009). The 

simple fact that these pruriceptors can also respond to noxious stimuli calls for alternative 

models as the “specificity” theory requires the existence of a subset of primary sensory neurons 

that respond to pruritogenic stimuli and no other (McMahon and Koltzenburg, 1992).  

Attesting to intrinsic multimodality of primary sensory neurons, we report here that 

metabotropic stimulation of MrgprA3 C-afferents predominantly triggers itch while fast 

ionotropic stimulation of the same neuronal population predominantly drives pain. We further 

confirm distinct sensory perceptions by pharmacological interference with gastrin releasing 

peptide (GRP) signaling for itch or opioid signaling for pain. We also show that, downstream of 

MrgprA3 C-afferent stimulation, pruriception depends on the recruitment of calcium-

permeable TRP channels, whereas these channels do not contribute to nociception, providing a 

molecular basis for somatosensory discrimination at the peripheral level. Finally, we 

demonstrate for the first time that the MrgprA3 C-afferents indeed contribute to acute pain 

coding as their conditional silencing significantly reduces ATP-induced nocifensive responses. 
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Results 

Metabotropic activation of MrgprA3 C-afferents induces itch  

Chloroquine (CQ) induces itch through activation of the G protein-coupled MrgprA3 receptor. 

The dependence of CQ-induced pruriception on MrgprA3 has been established by knock-out 

and rescue experiments (Liu et al., 2009). To test the sufficiency of metabotropic receptor 

activation for the induction of itch, we expressed the excitatory Gq-coupled DREADD hM3Dq-

mCherry (Urban and Roth, 2015) in MrgprA3+ neurons through AAV-mediated delivery in 

hemizygote MrgprA3Cre-eGFP mice. Viral transduction efficiency and expression of heterologous 

hM3Dq were validated by immunofluorescence of mCherry (Figure 1a). The GFP fused to Cre 

recombinase in MrgprA3Cre-eGFP mice allowed visualization and counting of MrgprA3+ cells. We 

observed a relatively small population of MrgprA3+ C-afferents in the primary sensory ganglia 

(8.6 ± 1.3% SEM, 18 DRG sections, 6 animals). A viral transduction efficiency of 44.4 ± 5.1% 

(SEM) was observed in Cre-eGFP-expressing neurons with almost perfect specificity (i.e. 

complete overlap of hM3Dq-mCherry and Cre-eGFP reporter). Functionally, hM3Dq-evoked 

excitation of virally transduced MrgprA3 neurons was validated by ratiometric calcium imaging 

using the DREADD agonist clozapine N-oxide (CNO) in vitro (Figure 1b). From the 12 recordings 

performed on primary DRG cultures from 3 animals, 61 EYFP+ cells were analyzed as they 

responded to the positive control high KCl. Out of the 61 cells, 50 cells (82%) were responsive to 

CQ and 12 cells (20%) showed calcium transients in response to CNO. To study the behavioral 

consequences of in vivo activation of MrgprA3 C-afferents through heterologous Gq-coupled 

receptors, scratching responses to 3 mM CNO injection in the nape of the neck of AAV hM3Dq-
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mCherry-transduced mice were compared to responses of their MrgprA3Cre-eGFP-/- 

cage/littermates who also received postnatal AAVs (Figure 1c-f). Animals were videotaped from 

three angles (Suppl. Figure 1a) for 60 minutes after injection. Accurate and unbiased 

measurement of each scratching bout was performed offline by a blinded experimenter 

identifying all start and end points. The number of scratching bouts and sum of durations spent 

scratching for each individual mouse in every 30 second bin after injection is visualized in 

separate heatmaps (Figure 1c). To qualitatively study the behaviors, we documented the 

distribution of durations of individual scratching bouts for every single scratching behavior 

observed (Figure 1d). This measurement indicates how effective the scratching is and the 

similarity of the distribution histograms suggests a similar perceptive state. Our scoring 

approach also enables us to detect changes in behavior over time (Figure 1e) as well as overall 

differences over the one-hour period (Figure 1f). CNO injection in the nape of the neck of AAV-

injected Cre-negative mice did not induce scratching (Figure 1c), whereas in their Cre+ 

cagemate littermates a robust itch developed soon after injection (Figure 1e) resulting in 

significantly higher total number of bouts (Figure 1f). When the same Cre+ animals received 10 

mM CQ (Green et al., 2006), pruritus built up for longer time (Figure 1e) with higher intensity 

(Figure 1e, f) compared to the itch induced by CNO. Comparable bout durations resulted in 

similar, and statistically akin, time-course and total time of scratching (Suppl. Figure 1b and c)  

In agreement with previous reports (Han et al., 2013), our results indicate that selective 

chemical stimulation of MrgprA3 C-afferents induces pruriception. The intensity of itch 

responses caused by the activation of endogenous MrgprA3 receptors by CQ was significantly 

higher than the intensity of itch responses evoked by selective stimulation of the DREADD-
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expressing subset. The weaker response may be attributed to viral transduction (i.e. smaller 

afferent population activated), different levels of expression of hM3Dq and MrgprA3 receptors 

at the surface of the afferents, suboptimal coupling of the DREADD to intracellular signaling 

pathways, or the different pharmacokinetic properties of the agonists CNO and CQ. 

Selective light-gated ionotropic activation of MrgprA3 C-afferents 

induces aversive responses distinct from scratching 

To test a different mode of stimulation on the same genetically-defined primary afferents, we 

expressed the excitatory light-gated actuator channelrhodopsin-2 (ChR2) in MrgprA3+ neurons 

by crossing transgenic lines to produce MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+/- animals. Selective 

Cre-dependent expression of ChR2 in MrgprA3+ neurons was validated by the localization of 

their respective conjugated fluorophores, membrane-bound eYFP for ChR2 and nuclear eGFP 

for Cre (Supplementary figure 2a), in primary sensory ganglia (Figure 2a). Trafficking of ChR2 to 

peripheral terminals was validated by the eYFP signal observed in the epidermis of the nape of 

the neck counterstained with the peripheral neural marker PGP9.5 (Figure 2b), confirming the 

feasibility of transdermal illumination for activation of cutaneous MrgprA3+ nerve endings. In 

order to check the functionality of the excitatory opsins in MrgprA3+ neurons, in vitro 

electrophysiology experiments were performed. Recordings on ChR2+ cells confirmed inward 

photocurrents (7.54 ± 1.24 pA/pF, 20 cells, 3 animals) (Figure 2c), optically-induced action 

potentials, and firing frequencies of up to 10 Hz driven by blue (470 nm) laser pulses (Figure 

2d). Blue laser illumination of the nape of the neck evoked behavioral responses distinct from 

stereotypical scratching behavior. Other aversive behaviors such as vocalization, escaping, and 
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attempts to bite the light source, rather than scratching, constituted the vast majority of 

responses evoked by transdermal optical stimulation (Figure 2e and Suppl. Video 1). We did not 

observe a correlation between the frequency or intensity of the laser pulses and the type of 

elicited behavior despite screening multiple protocols of frequency-intensity combinations. 

Similar illumination of control MrgprA3Cre-eGFP-/-:Rosa26ChR2-eYFP+/- cagemate littermates did not 

elicit any behavioral responses above background (Suppl. Video 2), neither did yellow (589 nm) 

laser pulses with same or higher intensity in the same animals, indicating that the responses are 

generated through ChR2 channels rather than through thermal or visual effects of light pulses. 

These results demonstrate that, similar to other subsets of primary somatosensory neurons 

(Daou et al., 2013), MrgprA3 C-afferents can be controlled in vitro and in vivo by optogenetic 

actuators. They also suggest that nocifensive responses are evoked by optical stimulations of 

MrgprA3 C-afferents, although in rare occasions stereotypical pruriceptive behaviors can be 

observed. 

MrgprA3 C-afferents trigger distinct somatosensory perceptions 

based on their activation mode 

In order to clarify the sensory modalities evoked by differential activation of MrgprA3-

expressing fibers, we used the cheek behavioral discrimination assay (Shimada and LaMotte, 

2008). Although the nape assay represents a common behavioral assay for studying itch in 

mice, it cannot definitively discriminate between itch and pain. In the cheek assay however, 

pruritogenic stimuli evoke hindpaw scratching while algesic stimuli evoke unilateral forepaw 

wiping (Shimada and LaMotte, 2008). Therefore, to confirm the sensory modality perceived 
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following excitatory DREADD activation, AAV-injected MrgprA3Cre-eGFP+/- animals were 

videotaped from different angles for one hour after injection of CNO in the cheek. Accurate 

frame-by-frame timings of scratching bouts and unilateral wipes targeted to the site of 

administration, i.e. ipsilateral to the injection, were recorded offline by a blinded experimenter 

(Supplementary Video 3). The timeline of both behaviors in each individual mouse is shown in 

Figure 3a. Similarly, behavioral responses evoked by activation of MrgprA3 by CQ in the cheek 

of wildtype mice were analysed (Figure 3b). In both conditions, animals exhibited significantly 

higher counts of scratching bouts than wipings (Figure 3c), indicating pruriception. Similar to 

our results in the neck (Figure 2), the scratching induced by CQ is stronger than that of CNO 

(Suppl. Figure 2b). To be able to unambiguously assess the sensory modality associated with 

optical activation of MrgprA3-expressing fibers, we designed an optogenetic version of the 

cheek assay. In order to keep constant both location and light power for transdermal optical 

stimulation of the cheek with a blue laser, and also to avoid movement hindering, custom 3D-

printed headposts were designed as optical fiber holders (Figure 3d). Headposts were 

chronically implanted on the skull of adult MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+/- mice several 

weeks before the experiments (Figure 3d) after confirmation of ChR2 expression in trigeminal 

ganglia and trafficking to the cheek hairy skin (Suppl. figure 2c & d). Acclimated animals then 

received 470 nm blue laser pulses on their cheek and the behavioral responses, i.e. forepaw 

wiping or hindpaw scratching, were recorded. Restricting the illumination site to the same 

single spot on the skin increased the probability of desensitization after few stimulations. To 

minimize desensitization, each animal received a maximum of 8 trains of light pulses (trials), in 

each experiment session and the sessions were at least 48 hours apart. With such approach, 
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light-evoked behavioral responses were observed in 36.2 ± 3.9% (SEM) of the trials (5 animals, 

15 sessions total, with 8 trials per session). Stereotypical pain-associated cheek wipings were 

observed in most responses (77.6 ± 7.0% SEM) to blue light pulses (Figure 3d and 

Supplementary video 4). The same animals did not respond to yellow light pulses with similar or 

higher laser power in control experiments (Supplementary video 5), confirming that the 

behavioral responses are induced by ionotropic excitation of MrgprA3 C-afferents through ChR2 

activation. Furthermore, the control MrgprA3Cre-eGFP-/-:Rosa26ChR2-eYFP+/-  cagemate littermates 

showed no response to similar illumination ruling out the effect of bright light causing aversion 

and/or visual distraction (Supplementary video 6). The perception evoked by fast ionotropic 

activation of these MrgprA3 C-afferents is dictinct from the perception evoked by their 

metabotropic activation, and this multimodality is supported by distinct wiping/scratching 

ratios in the cheek assay (Figure 3f).   

Our results demonstrate that the MrgprA3 C-afferents are intrinsically capable of multimodal 

sensory coding based on their activation mode. For the first time we provide evidence that a 

single population of primary afferents can be sufficient to induce more than one modality of 

somatosensation, itch and pain in this case.  

Itch and pain mediated by MrgprA3 C-afferents engage distinct 

pathways 

To verify whether the distinct behavioral responses evoked by different activation modes have 

unique tractable properties and network consequences, we investigated higher-order pathways 

recruited at the spinal cord level. To confirm the spinal pathways engaged downstream of 
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peripheral activation of MrgprA3 C-afferents in vivo, we checked the involvement of the 

gastrin-releasing peptide (GRP) and its receptor GRPR, as several studies have indicated that 

itch depends on the GRP-GRPR pathway in the spinal cord (Albisetti et al., 2019; Sun and Chen, 

2007; Sun et al., 2009). Verifying MrgprA3 afferents’ innervations to the dorsal horn of spinal 

cord (Suppl. Figure 3a & b), we blocked GRPR by intra-cisternal (i.c.) administration of the GRPR 

antagonist, RC-3095. Dye injection tests confirm that compounds administered i.c. can diffuse 

to the lumbar enlargement as soon as 5 minutes post injection. CQ was injected intra-dermally 

(i.d.) 15 minutes after i.c. administration of RC-3095 or vehicle (saline). Animals were 

videotaped from multiple angles for one hour. Accurate time points for all scratching bouts 

were analyzed offline for generation of bout count and scratching duration heatmaps (Figure 

4a). Overall similarity of the heatmaps and comparable bout duration histograms indicate 

qualitative similarity in the scratching behaviors in drug or vehicle conditions (Figure 4a, b). 

Analysis of the scratching time course following GRPR inhibition reveals a decreased intensity in 

early time points after CQ injection (Figure 4c and Supplementary Figure 3c). Efficiency of GRPR 

blockade is also demonstrated by the significant decrease in total scratching bout counts and 

total time spent scratching during the 1-hour period following CQ injection (Figure 4d and 

Supplementary Figure 3d).  

These data confirm that a spinal GRP/GRPR-dependent pruriceptive pathway is engaged when 

MrgprA3 C-afferents are stimulated metabotropically through activation of native Gq protein-

coupled receptors. Injection of the selective µ-opioid receptor agonist DAMGO i.c. did not cause 

a significant change in the number of scratching bouts. 
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To study the recruitment of similar or distinct central pathways downstream of optical 

activation of MrgprA3 C-afferents in vivo, we designed experiments for quantitative analysis of 

nociception based on well-established models of pain scoring in mouse hindpaws. Trafficking of 

ChR2 in the peripheral MrgprA3 fibers in the glabrous skin of hindpaw was confirmed by the 

presence of eYFP (Figure 5a) in addition to its expression validation in the lumbar DRGs and the 

trafficking to the central terminals in dorsal horn of the spinal cord (Supplementary Figure 4). 

Transdermal illumination of the hindpaw induces nocifencive behaviors in the MrgprA3Cre-eGFP+/-

:Rosa26ChR2-eYFP+/- mice (Supplementary video 7). These responses range between withdrawal 

and flinches, to licking, shaking, and, rarely, vocalization. No evoked behavioral response was 

observed in Cre-negative cagemate littermates after illumination of the hindpaw, eliminating 

concerns about possible thermal or visual effects of the laser light (Supplementary video 8). 

When treated with RC-3095, similarly to when they received vehicle, animals showed 

behavioral responses to nearly all optical stimulations (Figure 5c). On the contrary, when the 

animals received DAMGO, they were found to be insensitive to the majority of stimulations 

(Figure 5c). This difference was also evident by comparison of the probability of single behavior 

types such as shaking which is linked to higher pain intensities. The lack of RC-3095 effect on 

shaking behavior is in contrast with the powerful suppressing effect of the opioid DAMGO 

(Figure 5d). 

These results indicate that unlike pruriception caused by metabotropic excitation of MrgprA3 

C-afferents, nociception induced by optical stimulation of these primary sensory neurons is not 

GRP/GRPR-dependent. Furthermore, we provide evidence that, like most nocifensive 

responses, optically induced MrgrA3 neuron-dependent pain behavior is sensitive to opioids. 
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Calcium-permeable TRP channels contribute exclusively to the 

pruriception but not to the nociception mediated by MrgprA3 C-

afferents 

Next we investigated what molecular pathways in the MrgprA3 C-fiber neurons may be 

differentially involved downstream of their metabotropic (i.e. GPCRs) or ionotropic (i.e. ChR2) 

stimulation. As TRP channels have been proposed as key components of CQ-evoked 

pruriception (Hill et al., 2018; Moore et al., 2018; Than et al., 2013; Wilson et al., 2011), we 

tested the effects of blocking sensory TRPC3, TRPA1, and TRPV1 channels with selective 

antagonists (Figure 6).  

For the pruriception arm of this experiment, acclimated animals were injected subcutaneously 

with pyrazole 10, HC030031, AMG9810 (selective blockers of TRPC3, TRPA1, and TRPV1, 

respectively), or their vehicle, in the nape of the neck 10 minutes before i.d. injection of 

chloroquine. They were then videotaped for 1 hour from multiple angles and behaviors were 

scored offline by a blinded experimenter (Figure 6a-d). Overlapping bout duration distribution 

and general similarity of bout counts and time spent scratching heatmaps suggest similar 

perceptual quality evoked in all groups (Figure 6a and b). Behavioral analysis of bout counts as 

well as time spent scratching indicates that all three blockers significantly decrease pruriception 

intensity in early time points after CQ injection (Figure 6c and Suppl. Figure 5). Notwithstanding, 

total counts and times of scratching for the 1-hour period after CQ injection were significantly 

reduced only following TRPA1 and TRPV1 blockade (Figure 6d). This can be attributed to the 

different pharmacokinetics of the blockers or differences in the contributions of specific TRP 
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channels to the pruriceptive signal. In agreement with previous studies, we show that the 

pruriception caused by chemical activation of MrgprA3 primary afferents engages calcium-

permeable TRP channels. 

Reciprocally, for the nociception arm of this experiment, we asked if the TRP channels are 

specifically linked to the itch modality or are activated regardless of stimulation mode. 

Habituated animals received selective TRP blocker or vehicle in both hindpaws 10 minutes 

before intermittent pulses of 470 nm (blue) laser were applied to their glabrous skin. Unlike the 

opioidergic intervention on the central terminals with DAMGO described previously (Figure 5), 

there were no significant changes observed after peripheral blockade of the TRP channels 

TRPC3, TRPV1, or TRPA1. In all instances of optical stimulation the animals manifested 

nocifensive responses, and expression of higher-intensity behaviors such as shaking did not 

show any significant decrease (Figure 6e). We conclude from these observations that calcium-

permeable TRPC3, TRPA1 and TRPV1 channels do not contribute significantly to the pain 

signaling pathway downstream of optical activation of MrgprA3 C-afferents.  

Collectively, these results indicate that TRP channels expressed in MrgprA3 C-afferents are 

engaged in itch transduction but are not recruited in optically induced nociceptive transduction. 

MrgprA3 C-afferents contribute to acute pain responses in wildtype 
mice 

To assess the contribution of MrgprA3 C-afferents to pain in more naturalistic conditions and in 

non-transgenic wildtype mice, we studied the behavioral effect of their fast ionotropic 

stimulation through the activation of native cation channels. We took advantage of the fact that 
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most nonpeptidergic C-afferents, including the MrgprA3 subset, express P2X3 ATP-gated 

channels (Usoskin et al., 2015). It has been shown that application of the P2X3 agonist α,β-

methylene ATP (αβmeATP) in rats and mice induces pain (Bland-Ward and Humphrey, 1997; 

Kakimoto et al., 2008; Kato et al., 2002; Tsuda et al., 2002). We confirmed that the nocifensive 

behavioral responses evoked by selective P2X agonists consists of lifting and licking, manifested 

chiefly in the first 5 minutes after injection in the hindpaw. These responses are similar to that 

of nocifensive ChR2-evoked responses in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+/- mice (Figure 5). To 

study the contribution of MrgprA3-expressing afferents to αβmeATP-induced pain, we used the 

approach of conditional activity-dependent silencing with QX-314. It has previously shown that 

CQ effectively induces the influx of QX-314 in MrgprA3 neurons, resulting in their silencing 

(Roberson et al., 2013). Acclimated wildtype C57Bl6 mice were placed on the testing platform 

for at least 30 minutes before receiving a conditioning intraplantar coinjection of 5 mM CQ and 

1% QX-314, or a control solution of saline and 1% QX-314. Thirty minutes after conditioning 10 

µL of 20 mM αβmeATP was administered to the same hindpaw. Total counts and time spent 

licking or lifting the injected hindpaw in every 10 second bin post-injection is visualized in 

separate heatmaps (Figure 7a). Temporal progression of the total time spent behaving shows 

significantly higher intensities of nociceptive behavior in controls compared to the QX-314 + CQ 

group (Figure 7b). The total duration of time spent manifesting nocifensive responses over the 

5 minutes post-αβmeATP injection also indicates a significant decrease when the MrgprA3 C-

afferents were silenced with QX-314 + CQ (Figure 7c). Separate analysis of lifting and licking 

responses show similar reduction in the QX-314 + CQ group compared to that of the QX-314 + 

saline group (Supplementary Figure 6).  
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We conclude that MrgprA3 C-afferents significantly contribute to the acute pain behavior 

caused by αβmeATP injection as their silencing results in decreased nociceptive responses in 

this model. These data support our hypothesis that, in specific conditions such as optogenetic 

or naturally-occuring fast purinergic ionotropic stimulations, these C-fibers can convey pain 

signals.  
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Discussion 

Taking advantage of cell type-selective stimulation techniques, we provide evidence that a 

single genetically-determined population of peripheral afferents, the MrgprA3 subset 

previously proposed as a “labeled line” for itch, is sufficient for coding both itch and pain 

signals. Regardless of their genetic labeling, we also show that CQ-responsive afferents can 

signal both acute pruriceptive and nociceptive stimuli in natural conditions. We further 

demonstrate that these neurons exhibit their multimodal properties by recruiting specific ion 

channels and by engaging divergent pathways in the spinal cord. Challenging the “labeled line” 

theory, our data support the concept that somatosensory discrimination can be initiated at the 

peripheral level in primary afferents through cell-autonomous mechanisms. 

In order to dissect functional contribution of primary sensory afferentsto somatosensation, 

various methods of genetic and morphological categorization have been implemented (Le 

Pichon and Chesler, 2014; Usoskin et al., 2015; Zeisel et al., 2018). Basic molecular and 

functional characterization of MrgprA3 C-afferents provides hints of their multimodality as this 

neuronal subset does not fit in any single conventional category of primary afferents, e.g. 

peptidergic vs. non-peptidergic, mechano- vs. heat-sensitive, or nociceptors vs. pruriceptors. 

Indeed approximately 85% of MrgprA3 neurons express the peptidergic marker CGRP while 

~80% express the non-peptidergic marker IB4, and ~85% express P2X3 ATP receptors. They 

display electrophysiological properties of C-mechanoheat (CMH) nociceptors and respond to 

histamine, capsaicin, chloroquine and cowhage (Han et al., 2013). Thus, in addition to cellular 

categorizations, we propose recognizing their mode of stimulation. For controlled comparisons, 

we chose to engage MrgprA3+ cells through either the native metabotropic actuator MrgprA3 
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or the heterologous ionotropic actuator ChR2. We ensured access to the same population of 

neurons and co-expression of ChR2 and MrgprA3, by crossing the MrgprA3-Cre driver with Cre-

dependent actuator lines as almost perfect co-expression of reporters (over 96%) has been 

previously established (Han et al., 2013; Tang et al., 2016). Furthermore, independently from 

any genetic targeting intervention, we present evidence that CQ-responsive afferents convey 

itch (Figures 1 & 3) while the same pharmacologically-identified afferents contribute to pain 

coding (Figure 7). Therefore, different modes of stimulation induce distinct behaviors reflecting 

different sensory modalities with distinct pharmacological characteristics consistent with the 

perception of pain and itch. We also report that coding itch modality is independent of the size 

of the MrgprA3 afferent population recruited, since stimulation of only a fraction of these cells 

through virally-transduced DREADDs generates stereotypical itch responses qualitatively 

identical to behaviors evoked by their global activation through endogenous MrgprA3 

receptors, yet with lower intensity.  

Quantitative animal behavioral assays have significantly improved our understanding of itch as 

a sensory modality (Dong and Dong, 2018; LaMotte et al., 2011). Using a detailed quantitative 

method we confirm the “waxing and waning” of itch (Forster and Handwerker, 2014). In 

addition to measuring itch intensity with scratching bout counts or time spent scratching, 

individual scratching bout durations can also be used to describe itch perception.  Considering 

the complex nature of pruritus, with multiple initiation mechanisms (Green and Dong, 2016; 

Han and Simon, 2011; Luo et al., 2015), cellular/molecular diversity (Bautista et al., 2014; Song 

et al., 2018), behavioral itch-scratch cycles (Mack and Kim, 2018), we believe analyzing and 

presenting scratching data over time improves detection and comparison between 
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interventions. We also used a quantitative approach towards behavioral analysis of nociception 

because animals present various responses to painful stimuli at various locations on their body. 

Therefore, we measured all nocifensive responses as well as intense-pain behaviors like shaking 

for pain quantification (Figures 5 and 6). A lack of sensitivity may be the main cause for not 

observing significant pain reduction following ablation or inactivation of small subsets of C-

afferents such as MrgprA3+ cells representing less than 10% of DRG neurons (Han et al., 2013; 

Liu et al., 2009). Proving that with appropriate readouts the MrgprA3 afferents’ contribution to 

acute nociception is detectable, our results further show that in specific conditions their 

stimulation can be sufficient to evoke nocifensive behaviors.  

Although pruriceptive and nocifensive behaviors have been characterized in mice in different 

assays, not all behavioral manifestations are associated with either itch or pain, like grooming in 

the cheek assay (Shimada and LaMotte, 2008). An unbiased characterization of behavioral 

responses is particularly important when it comes to testing the effects of unnatural stimuli 

such as optical stimulations in optogenetic experiments. This could be one main cause of 

discrepancy between our results and data by Sun et al. (2017) showing induction of itch and no 

pain upon transdermal photostimulation of MrgprA3 fibers. We quantified all responses that 

were elicited by laser illumination on the neck, including but not limited to scratching, and 

measured uncategorized aversive behaviors separately. It is also important to consider that itch 

responses directed to different areas of the body can differ, e.g. hindpaw scratching of the 

cheek but rapid biting of the calf in response to pruriception (LaMotte et al., 2011). This is 

partly due to anatomical constraints, e.g. not reaching the nape with the forepaw and 

precluding wiping behavior upon neck illumination as mentioned by Sun et al. (2017). We 
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believe that in experiments without stabilized optical sources, uncontrolled illumination site 

and power, due to moving targets, is a source of discrepancy in interpreting results. That is why 

we chose to use the cheek assay (Shimada and LaMotte, 2008) with constant stimulation field. 

Our unambiguous results with the cheek assay, and the fact that on three different body areas 

(neck, cheek and hindpaw), we did not observe predominant stereotypical itch behaviors 

(hindpaw scratching or biting), support our conclusion that optical stimulation of MrgprA3 C-

afferents triggers pain and not itch. We further validated the distinct perception of itch or pain 

based on their specific sensitivity to known pharmacological anti-pruritic or analgesic 

interventions. 

TRP channels have been identified as transducers downstream of metabotropic receptors for 

pruritogens (Dong and Dong, 2018; Feng et al., 2017; Moore et al., 2018; Xie and Hu, 2018). 

TRPA1 and TRPC3 have been shown to play a significant role in the activation of primary 

afferents by CQ (Than et al., 2013; Wilson et al., 2011), while action potential generation 

induced by CQ did not seem to be altered in a constitutive double knock-out of TRPV1 and 

TRPA1 in an ex vivo preparation (Ru et al., 2017). In vivo, however, constitutive TRPA1 knockout 

animals exhibit shorter total scratching time following CQ injection, while constitutive TRPV1 

knockout animals show similar duration of scratching (Wilson et al., 2011). On the other hand, 

it has been shown that CQ sensitizes TRPV1 channels in MrgprA3 neurons (Than et al., 2013). 

Our data on the exclusive involvement of TRP channels in pruriception also confirms the 

capability of MrgprA3 C-afferents to respond distinctively to different stimuli in a cell-

autonomous manner. The differential coding of algesic and pruritic stimuli mediated by these 

afferents may be carried by distinct firing patterns or secondary messengers, resulting in 
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distinct neurochemical or temporal outputs in their central terminals (Hong et al., 2012; Ratté 

et al., 2013; Wang et al., 2017; Zeldenrust et al., 2018). These biased responses engage 

separate pathways in the spinal cord, as shown here by the differential sensitivity of MrgprA3 

neuron-mediated itch and pain responses to the GRPR antagonist RC-3095 and the µ-opioid 

receptor agonist DAMGO, respectively. Differential spinal integration of signals transmitted by a 

single peripheral neuronal population likely depends on spatiotemporal properties of its 

outputs, where short synchronous ionotropic signals can carry different messages than longer 

asynchronous metabotropic signals. Whereas slow sporadic asynchronous signals evoked by 

chemical activation of MrgprA3 C-afferents favors pruriception (Han et al., 2013), our results 

suggest that fast synchronous signals evoked by optogenetic or purinergic stimulation of these 

same C-fibers favors nociception. Another contributing factor to the spatiotemporal signature 

of central outputs is the afferents firing patterns. Indeed, spinal GRP interneurons can engage 

both pain and itch pathways (Sun et al., 2017) and they require burst-like activity in order to 

relay pruriceptive signals to higher-order neurons (Pagani et al., 2019). Our data indicate that 

primary afferents can also transmit distinct modality-specific signals to the spinal cord. For 

instance, single action potentials versus burst-like firing pattern generated by MrgprA3 

afferents could differentially code for pain versus itch modalities.  

Similar principles of multimodal coding based on stimulation conditions will likely be observed 

in other sensory circuits. Furthermore, beyond the field of sensory neurobiology and in view of 

the widespread use of heterologous actuators in modern neuroscience, this study provides 

evidence that fast ionotropic and slower metabotropic stimulation of the same genetically-

defined populations of neurons can lead to different outcomes at cellular and behavioral levels.  
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Figures & Legends  

 

Figure 1- Selective stimulation of MrgprA3 C-afferents via activation of endogenous or 

heterologous metabotropic receptors induces scratching. a) AAV transduction induces selective Cre-

dependent expression of hM3Dq-mCherry in MrgprA3Cre-eGFP cells. Cre-eGFP signal, predominantly 

localized in the nucleus, and mCherry signal,  amplified with a monoclonal antibody against mCherry. b) 

Calcium transients evoked by CNO (5 µM) or CQ (2 mM) validate the selective activation of MrgprA3 

neurons in vitro. Representative traces from a Cre-eGFP+:mCherry- cell (green trace) and a Cre-

eGFP+:mCherry+ cell (red trace). KCl (50 mM) was used as positive control. c) CNO (3 mM) induces 



 

68 | C h a p t e r  2 :  M a n u s c r i p t  1 ;  N e u r o n  2 0 2 0  
 

hM3Dq-mediated scratching behavior similar but not as intense as CQ (10 mM). Time-course of 

scratching behavior induced by intradermal injection of CNO in Cre-/- animals (top), CNO in Cre+/- cage-

/litter-mates (middle), and CQ in the same Cre+/- animals (bottom). Each row in every panel is an 

individual mouse (n= 5 for each condition). Compounds were injected at time = 0 and every colored block 

indicates the number of scratching bouts (left), or the time spent scratching (right) in the corresponding 

30 second bin, as defined by the color maps. Rare sporadic baseline scratching behavior in Cre-/-/CNO 

group shows a different profile compared to that of Cre+/-/CNO and Cre+/-/CQ groups that display 

significant responses closer to injection time. d) Probability distributions of scratching bout durations 

show that, although total counts are different (36, 222, 1946 for the Cre-/-/CNO, Cre+/-/CNO, and Cre+/-

/CQ groups, respectively), mean durations of individual bouts are similar (495.4, 471.9, 429.5 msec for 

the Cre-/-/CNO, Cre+/-/CNO, and Cre+/-/CQ groups respectively). e) Native MrgprA3 or Gq-coupled 

DREADD activation induces comparable build-up and wind-down of scratching behavior over time albeit 

with different intensities. Timeline of scratching bout counts indicates that unlike Cre-/-/CNO group, 

metabotropic activation in Cre+/-/CNO and Cre+/-/CQ groups induces scratching behavior closer to 

injection time. While CNO induces significantly more scratching bouts in Cre+/- than in Cre-/- animals, CQ 

effects in the same Cre+/- animals last longer and build up to a higher extent. Two-way ANOVA, and 

Bonferroni post-Hoc tests were used for comparison of Cre (#) or drug effects (*) over time. The one-hour 

period of observation (compound injection at time = 0) was divided into 10 equal 6-minute bins in order 

to perform the statistical tests. f) CNO induces itch only in presence of hM3Dq, and in lower intensities 

than CQ. Total numbers of scratching bouts over the one-hour period following CNO injection shows 

significant scratching behavior in Cre+/- vs Cre-/- animals (unpaired t-test, p < 0.001). The itch behavior 

induced by CQ is significantly more intense than the one induced by CNO (paired t-test, p < 0.01). 
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Figure 2- Optical ionotropic stimulation of ChR2-expressing MrgprA3 C-afferents 

mainly induces aversive behaviors other than scratching. a) MrgprA3Cre-eGFP+/-

:Rosa26ChR2-eYFP+ animals express channelrhodopsin-2 in MrgprA3+ primary afferents in 

cervical dorsal root ganglia. Representative image showing nuclear Cre-EGFP while eYFP signal 

in the same neurons shows the expression of ChR2 on the cell membrane and in processes 

(Supplementary figure 2a). b) ChR2 is trafficked to the peripheral terminals in the skin of the 

nape of the neck. ChR2-eYFP is detected in peripheral nerve endings (stained by PGP9.5) in the 
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hairy skin. Hair shafts are indicated by dashed lines, the dermis-epidermis border is indicated by 

a dotted line. c) ChR2 photocurrents evoked by blue light in response to 4 one-second long 

stimulations in voltage clamp. d) Generation of a train of action potentials by 20 msec short 

pulses of blue light confirms the capability of these cells to follow frequencies up to 10 Hz 

reliably. e) In vivo photostimulation of the nape of the neck induces behavioral responses in 

most trials (89.93 ± 0.05% SEM of all stimulations, 6 animals, 15 stimulations each). A majority 

of these responses correspond to aversive behaviors such as escaping, aggressive approaches, 

or vocalization (other aversive behaviors) instead of stereotypical itch behaviors (rapid 

scratching bouts with the hindpaws) (p < 0.001).  
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Figure 3- Distinct stimulation modes of cutaneous MrgprA3 C-afferents differentially 

evoke itch or pain with stereotypical behavioral responses. Time-course of pruriceptive 

hindpaw scratching bouts (blue), and nocifensive forepaw wipes (red) following injection of a) 

CNO (3 mM), and b) CQ (10 mM) in the cheek. Each row represents an individual animal (n = 6-

7) and each behavioral event is represented by colored bars at the corresponding time. c) 

Compilation of behavioral responses (p < 0.05). d) 3D-printed headposts (top) as fiber optic 

holders for consistent cheek illumination. Transdermal blue laser illumination on the cheek 

induces stereotypical nocifensive wiping behavior (bottom, Supplementary video 4). e) 

Probability of light-induced wiping and scratching (5 animals, 15 test sessions, 8 trials each, p < 

0.001). f) Behavioral phenotype in metabotropic (i.e. CNO and CQ) vs. ionotropic (i.e. blue light) 

stimulation (p < 0.01 for both, One-way ANOVA with Bonferroni post-hoc test).  
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Figure 4- Pruriception mediated by MrgprA3 C-afferents is GRPR-dependent. a) 

Chloroquine-induced itch is inhibited by the selective GRPR blocker RC-3095 (50 pmol i.c.). Time-

course of scratching behavior induced by CQ (10 mM) in the nape of the neck (at time = 0) 15 

minutes after i.c. injection of saline (top) or RC-3095 (bottom). Each row represents an individual 

C57Bl6 mouse (n = 13) and every block indicates the number of scratching bouts (left), or time 

spent scratching (right) in the corresponding 30 second bin, as defined by the color maps. b) 

Similar distribution of individual scratching bout durations (552.6, 536.7 msec in average for 

saline and RC-3095 groups, respectively), despite different total counts (2711 vs 1348 for saline 

and RC-3095 groups, respectively), indicates no significant changes in the scratching behavior 

phenotype. c) Timeline of scratching behavior indicates that GRPR blockade decreases 

scratching at early time points. Average counts in 6-minute time bins are displayed with shades 

indicating SEMs (Two-way ANOVA test with Bonferroni post-tests). d) Total number of 
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scratching bouts following CQ injection indicates itch suppression by pharmacological blockade 

of GRPR (p < 0.001, paired t-test). Each line corresponds to an individual mouse in two different 

conditions. 
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Figure 5- Nociception mediated by MrgprA3 C-afferents is sensitive to mu opioid 

receptor signaling, but not to GRPR blockade. a) MrgprA3-expressing afferents innervate the 

glabrous skin of the paw. Representative image showing direct eYFP fluorescence in 

MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+ animals in the plantar surface of the hindpaw. The 

dermis-epidermis border is indicated by a dotted line. b) Experimental design for quantification 
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of optically-induced pain responses. Acclimated animals received intra-cisternal injections of 50 

pmol RC-3095 or 100 pmol DAMGO, 15 minutes before the start of optical stimulation trials (12 

animals, 3 trials per treatment). c) Probability of all evoked behavioral responses upon 

transdermal photostimulation of the hindpaw is not affected by GRPR blockade yet is 

significantly reduced by treatment with the µ–opioid agonist DAMGO (p < 0.01, One-way 

ANOVA with Bonferroni post-Hoc test). d) Light-evoked shaking is suppressed by DAMGO while 

RC-3095 does not cause any significant changes in the probability of this high-intensity pain 

behavior (p < 0.01, One-way ANOVA with Bonferroni post-test).  
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Figure 6- Pharmacological blockade of peripheral TRP channels reduces pruriception, 

but not nociception, mediated by MrgprA3 C-afferents. a) Time-course of scratching behavior 

induced by injection of CQ (10 mM) in the nape of the neck (at time = 0) 10 minutes after s.c. 

injection of 1 mM solution of Pyrazole 10 (Pyr10), HC030031 or AMG9810 (selective blockers of 

TRPC3, TRPA1, and TRPV1, respectively) or vehicle. Each line represents an individual C57Bl6 

mouse (n = 10-11) and every block indicates the number of scratching bouts (left), or time spent 
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scratching (right) in the corresponding 30 second bin, as defined by the color maps. b) 

Probability distribution of bout durations showing similar scratching phenotypes (mean bout 

durations of 356.0, 348.9, 347.2, and 339.4 msec for vehicle, Pyr10, HC030031, and AMG9810, 

respectively). c) Timeline of scratching counts after injection of CQ (at time = 0) in animals 

pretreated by selective TRP channel blockers (at time = -10 min) (Two-way ANOVA with 

Bonferroni post-hoc test, %, #, and * symbols depict significance levels for comparison of the 

vehicle vs. Pyr10, HC030031, or AMG9810 groups, respectively). d) Total number of scratching 

bouts in the one-hour period following CQ injection shows that pharmacological blockade of 

TRPA1 or TRPV1 channels inhibits the pruriception triggered by MrgprA3 C-afferents (One-way 

ANOVA with Bonferroni post-hoc test). e) The probability of shaking behavior induced by 

photostimulation of the hindpaw, as a readout for pain, indicates that pretreatment of 

MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+ animals with TRP channel blockers does not inhibit 

light-evoked nociception (n=9, One-way ANOVA with Bonferroni post-Hoc test).  
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Figure 7- Selective silencing of MrgprA3 C-afferents significantly reduces acute 

purinergic pain. a) Time-course of nocifensive behavior induced by intraplantar injection of 

αβmeATP (20 mM) in the hindpaw 30 minutes after conditioning with coinjection of QX-314 

with saline or CQ (5 mM). Each line represents an individual wildtype C57Bl6 mouse (n= 7-8) and 

every block indicates the number of lifting or licking behaviors observed (left panel), or time 

spent behaving (right panel) in 10-second time bins, as defined by the heat maps. b) Timeline of 

nocifensive behaviors observed (lifting and licking), showing that QX-314-mediated silencing the 

CQ-responsive cells blunts the expression of nocifensive behaviors evoked by αβmeATP. Average 

durations in 30-second time bins are displayed with shades indicating SEMs. Two-way ANOVA 

test with Bonferroni post-tests was used for statistical comparison (p <0.001). c) Conditional 

silencing of CQ-responsive afferents reduces the total duration of purinergic nocifensive 

behaviors. Animals receiving QX-314 + CQ 30 minutes before αβmeATP spend significantly less 
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time manifesting nocifensive behaviors (licking and lifting their paw) in the 5 minutes period 

post algogen injection (p < 0.05, unpaired t-test). 
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STAR Methods 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Philippe Séguéla (philippe.seguela@mcgill.ca). 

This study did not generate new unique reagents. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Mouse strains 

All animal procedures were approved by the McGill animal care committee and in compliance 

with the Canadian Council on Animal Care guidelines. Mice were kept in 12-hour light-dark 

cycle, 22 °C air-filtered cages (194 mm x 178 mm x 397mm) in groups up to 5 per cage with 

access to food and water ad libitum. All animals were kept at least for 10 days in their home 

cages before any procedures. 

Wild-type C57Bl6 mice (Charles River Canada) were used for heterozygous breedings or 

behavioral tests at 3-4 weeks of age. The transgenic MrgprA3Cre-eGFP mouse line was kindly 

provided by Xinzhong Dong (Johns Hopkins University, HHMI). Hemizygotes were bred in house 

by crossing to wild-type C57Bl6. The Ai32 mouse line (JAX) was used as the optogenetic 

reporter line, homozygotes were bred in-house.  
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Viral constructs and transduction  

Adeno associated virus serotype 9 (AAV9) was used for expression of hM3Dq-mCherry cDNA in 

Cre-expressing animals. AAV9-hSYN-DIO-hM3D(Gq)-mCherry (titer: 2-5E13 GC/mL) was 

produced by the Canadian Neurophotonics Platform, Quebec, Canada. Newly born pups 

(postnatal day 0-2) were anesthetized on ice and administered intra-peritoneally by 10 µL of 

the viral construct using a Hamilton syringe connected to a 30G syringe tip (Becton Dickinson) 

through a Polyethylene tube (PE-10/10, Warner Instruments). Pups were returned to their 

parent cages and weaned after 21-28 days.  

 

METHOD DETAILS 

Ligands and administration routes 

Intra-dermal (i.d.) injections (20 µL, unless otherwise specified) were made either in the cheek 

or in the nape of the neck using low volume insulin syringes (Becton Dickinson). Intra-cisternal 

(i.c.) injections were made in 5 µL volumes using a bent 30G syringe tips (Becton Dickinson) 

attached to a 10 µL Hamilton syringe (Ueda et al., 1979). Intra-plantar and subcutaneous (s.c.) 

injections were made in 10 µL volumes and 50 µL respectively, using insulin syringes (Becton 

Dickinson).  

Chloroquine diphosphate (Sigma) was prepared in 100 mM stock solution in deionized distilled 

water and was kept in aliquots at -20 °C before dilution in saline (in vivo tests) or extracellular 

recording solution (in vitro tests). CNO (Tocris) was prepared in 5 mg/mL stock solution in 
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deionized distilled water and was kept in aliquots at -80 °C before dilution in saline (in vivo 

tests) or extracellular recording solution (in vitro tests). RC3095 (Adooq Bioscience) was 

prepared in 10 mM stock solution in deionized distilled water and was kept in aliquots at -80 °C 

before dilution in saline for i.c. injections. DAMGO (Tocris) was prepared in 1 mM stock solution 

in deionized distilled water and was kept in aliquots    at -80 °C before dilution in saline. TRP 

channel blockers pyrazole 10 (Sigma), HC-030031 (Tocris), and AMG9810 (Tocris), were 

prepared in 5 mM stock solutions and stored at -20 °C in aliquots before dilution to the final 

concentration of 1 mM in 10% ethanol and 10% DMSO at the time of experiments. α,β-

methylene adenosine 5’-triphosphate trisodium salt (αβmeATP, Tocris) was prepared in 20 mM 

stock solution in saline and was kept in aliquots at -20 °C  before use. QX-314 chloride (abcam) 

was prepared in 100 mM stock solution in deionized distilled water and aliquots were kept at -

20 °C before use. 

Headpost implants  

Polylactic acid (PLA) was used for 3D printing of headposts (1h x 7d in mm at the base, 

7h x 6d in mm at the shaft, and 3h x 13d in mm at the top). Adult mice were anesthetized by 

isoflurane and stabilized on a warming pad after shaving the hair on the top of their hair and 

application of lubricant eye ointment (Alcon). After application of disinfecting agent 

(chlorhexidine 2%) a 1.5-2 cm incision was made in the midline over the skull. After cleansing 

the surface of the skull, the headpost was placed on the skull in between the ears and was 

secured using dental cement (LangDental). For reinforcing the headpost placement for 

longitudinal studies, a bone anchor screw (Stoelting) was put in the bone surface beside the 

headpost shaft before applying the dental cement. After the cement cured, the skin was 
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sutured around the base of the headpost and local anesthetic cream was applied (emla: 

Lidocaine 2.5% & Prilocaine 2.5%) before the animals were left to wake up. All animals received 

pre (right before surgery) and post (for 4 days) surgical analgesics (20 mg/kg/day Carprofen s.c. 

for 3 days) and were monitored for wound healing and proper hydration. Once the animals 

recovered from this procedure they would undergo a light anesthesia during which a cut pipet 

tip was glued to the top of the headpost to make an optic fiber holder keeping the light 

localized to the cheek. Animals were given at least two weeks of recovery before behavioral 

tests. 

Laser sources and light guides  

A 473 nm diode-pumped solid-state (DPSS) laser (max 120 mW, LaserGlow) was used for 

selective activation of ChR2 while a 589 nm DPSS laser (max 100 mW, Changchun Dragon 

Lasers) was used as a yellow light source for control experiments. Light was guided through a 1 

mm-diameter optical fiber (NA= 0.5) for skin (transdermal) stimulations and through a 0.2 mm-

diameter optical fiber (NA= 0.37) for in vitro tests. For transdermal stimulations, unless 

otherwise stated, the lasers were set to 3.5-4.5 mW (constant power output) at the tip of the 

optical fiber and the tip was placed 2-5 mm away from the skin. A TTL pulse train generator 

(Prizmatix) was used for driving the lasers with 20 msec short pulses. For screening purposes, 

3-second trains of  0.5-10 Hz pulses (20-500 msec on-time) with 0.01-90 mW powers were used 

in random orders to avoid desensitization due to prior exposures. 
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Behavioral assays 

For all behavioral studies, adult male mice were familiarized with the experimenter, handling 

and injection types, and the environment of the experiment for at least one week, daily. Tests 

were done during the light cycle between 10am and 4pm. When needed, animals were shaved 

using a small electric shaver 2 days prior to the recording. All chemical interventions were 

followed by multi-angle video recordings for off-line behavioral analysis. Video scorings were 

performed by trained experimenters blind to treatments. To further decrease possible bias 

within each experiment, long recordings were randomly cut into 8-15 minute clips, shuffled and 

mixed and put together after evaluations. Videos were scored manually using an in-house time 

stamping software which allowed precise recording of several behavioral responses and their 

duration within each clip.  

For the cheek model of itch/pain discrimination, each scratching bout was defined as rapid 

brushing of the face by the hindpaw on the ipsilateral side. Each episode starts from the time 

scratching begins and ends with the hindpaw back on the ground or in the mouth. Pain 

behavior was defined as unilateral wiping of the ipsilateral side of the face by the forepaw. This 

behavior was distinct from grooming, defined as bilateral wiping of the face or any other 

actions on nonspecific sites of the body, e.g. rapid licking and biting of the chest, limbs and side 

areas. Contralateral scratching and wipings were not included in the behavioral analysis. For the 

nape of the neck model of itch quantification, scratching bouts were defined as rapid scuffing of 

the back area with either hindpaw. 
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For laser-evoked behaviors on the nape of the neck, scratching was defined similarly to the 

scratching behavior observed after chemical interventions: rapid treatment of the illuminated 

area by the hind paw. All other behavioral responses elicited by blue light were categorized as 

aversive: rapid avoidance, aggressive biting approaches towards the fiber optic, running and 

vocalization. It is noteworthy that wiping was not observed in these experiments as the nape is 

physically inaccessible by the forepaws of the animal. All animals received the different 

frequency-intensity protocols. No consistent relationship between illumination protocols and 

the evoked behavioral responses was observed. 

For cheek illumination experiments, animals were acclimated to the observation chamber and 

the fiber optic attachment for at least one week. For each session of cheek illumination 

experiment, animals were brought to the testing chamber to acclimate for at least 30 min. In 

each session 8-10 trials of laser illumination protocols (i.e. different frequency, pulse duration, 

and intensity) were randomly applied for 3-5 seconds. At least 3 minutes of separation was 

allowed between trials and sessions were separated by at least 2 days for each animal. 

Although responses were more likely to be observed at the beginning of each session, no 

significant relationship was deduced between the illumination protocols and the probability of 

behavior induction. 

For hindpaw illumination studies, animals were acclimated to the behavior observation 

chambers (10w x 5d x 8h cm) placed on a wire mesh for at least one hour in presence of the 

experimenter and the laser devices. Laser illumination pulses of 3 seconds were delivered to 

the plantar site of the hindpaws allowing at least 3 minutes in between stimulations on one 

paw.   
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For purinergic pain studies, animals were acclimated on the recording platform for at least 30 

minutes. QX-314 conditioning injection in the plantar surface of the right hindpaw were made 

in 10 µL volumes and the animals were returned to their recording chambers. 30 minutes after 

the conditioning injection 10 µL of 20 mM αβmeATP was injected intraplantary in the same paw 

and the animals were recorded for 5 minutes. Close observation of the animals from 3 different 

angles was performed in slow-motion by blind experimenters to detect exact start and end 

points of lifting or licking of the right hindpaw.  

In vitro preparations and assays 

Trigeminal ganglia (TG) or dorsal root ganglia (DRG) were dissected from adult mice for primary 

culture and in vitro assays. In short, the animals were decapitated under isoflurane anesthesia, 

the sensory ganglia were removed and stored in ice-cold HBSS solution (Invitrogen). After 

treating with dispase (1.4 mg/mL, Sigma) and collagenase type II (1.1 mg/mL, Sigma) for 45 min 

on a shaker (37 °c), ganglia were washed twice with 10 mL of F-12 media (Invitrogen) containing 

10% FBS, 1% L-glutamine, 1% penicillin and 1% streptomycin. The ganglia were then triturated 

using fire polished glass pipets with incrementally decreasing tip sizes. Dishes (35 mm) with 14 

mm glass centers (MatTek) were coated with laminin (BD Biosciences) and poly-d-lysine (Sigma) 

for at least 2 h at 4 °C. Cells were then plated for at least 30 min in the incubator (37 °C, 5% 

CO2) before addition of 2 mL culture medium. Cultured cells were used for Ca imaging or 

electrophysiology 24-48 hours post-plating. 

For calcium imaging, cultured primary DRG and TG sensory neurons were loaded for 45 minutes 

in 2 mM Fura2-acetoxymethyl ester. Cells were then washed and kept for an additional 45 
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minutes in extracellular medium with no Fura-2 (37 °C, 5% CO2) for desesterification. Loaded 

cells were imaged every 2 seconds with 340 nm and 380 nm excitation filters using a Nikon 

(Eclipse TE300) widefield microscope and Metafluor software (Molecular Devices). Background 

corrected normalized ratios of emission under 340 nm excitation divided by emission under 380 

nm excitation are reported as proxies of relative intracellular calcium levels. Cultures were 

under constant perfusion of external solution (pH 7.4) consisting of 152 mM NaCl, 5 mM KCl, 2 

mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM glucose with or withouth test drugs. 

Response criteria was defined as drug-induced Δratios 5 times larger than baseline fluctuations. 

All responsive cell traces were manualy verified after experiments. 

For electrophysiology studies on neuronal excitability and controllability by blue light, cultured 

primary sensory neurons were patched onto with glass pipets (5-9MΩ) in whole cell 

configuration and perfused with artificial cerebrospinal fluid (pH 7.4) containing 152 mM NaCl, 

5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM glucose. Recording patch 

pipets were filled with internal solution (pH 7.2) containing 130 mM K-gluconate, 1 mM MgCl2, 

10 mM HEPES, 5 mM EGTA, 3 mM MgATP, and 0.4 mM GTP. Responses to blue light delivered 

by optic fiber were measured in voltage and current clamp modes in pClamp 9 on an amplifier 

Axopatch 200B connected to a digitizer Digidata 1320A (Molecular Devices).  

Ex vivo tissue preparations and morphology 

For expression and histological validations, animals were perfused by intracardiac perfusion of 

10 mL phosphate buffer saline followed by 30 mL 4% formaldehyde solution (pH 7.4) after deep 

isoflurane anesthesia. DRGs, TGs, spinal cords and skin samples were collected and post-fixed 
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for 2-4 hours in formaldehyde solution before they were transferred to a 30% sucrose solution 

for minimum 48 hours. Sections were cut embedded and frozen in optimal cutting temperature 

(OCT) solution on a Leica cryostat (DRG and TG: 14 µm; skin and spinal cord: 30 µm). Skin and 

ganglia sections were mounted directly on microscope slides while spinal cord sections were 

transferred to 24 well dishes for staining procedures. 

For immunohistochemistry, free-floating or mounted sections were washed three times for 10 

minutes each with phosphate buffer solution containing 0.2% Triton X-100 (PBST) before 

blocking with 10% normal serum (goat or donkey). Sections were left in 5% normal serum 

containing primary antibodies (dilution 1:2000) on a shaker in a cold room (4°C) overnight. 

Rabbit anti-PGP9.5 (Ultraclone RA95101) as a marker for overall skin innervation and 

monoclonal rat anti-mCherry (Life Technologies M11217) were used as primary antibodies. 

After 3 washes with PBST, secondary antibodies (1:500) was added to the sections for 2 hours 

at room temperature. Donkey anti-rat conjugated to Cy-5 (Jackson Immunoresearch) and goat 

anti-rabbit conjugated to Alexa 568 (Life Technologies) were used as secondary antibodies. 

Finally, the sections were mounted and imaged with Zeiss LSM710 or Leica SP8 confocal 

microscopes. 
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QUANTIFICATION AND STATISTICAL ANALYSIS 

All statistical tests were performed by MATLAB software. Individual tests, their respective tests 

and n are indicated in the results section and the figure legends. Errors are presented as the 

standard error of mean (SEM) and significance levels are mentioned in each comparison. 

 

DATA AND CODE AVAILABILITY 

Original data are available upon request. 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

PGP9.5 Ultraclone Cat# RA95101 

mCherry Life Technologies Cat# M11217 

   

Bacterial and Virus Strains  

AAV9-hSYN-DIO-hM3D(Gq)-mCherry 
(DREADD) 

Addgene and Canadian 
Neurophotonic Platform 

Cat# 44361 

Chemicals, Peptides, and Recombinant Proteins 

Chloroquine diphosphate Sigma Cat# C6628 

Clozapine N-Oxide Tocris Cat# 4936 

RC-3095 Adooq Cat# A12753 

DAMGO Tocris Cat# 1171 

HC-030031 Tocris Cat# 2896 

AMG9810 Tocris Cat# 2316 

Pyrazole 10 Sigma Cat# SML1243 

αβmeATP Tocris Cat# 3209 

QX-314 abcam Cat# Ab144493 

   

Experimental Models: Organisms/Strains 

Wildtype C57Bl6 Mice Charles River Canada C57Bl6 

ChR2-EYFP Mice Jackson Laboratory Ai32 

MrgprA3-CreEGFP Mice Dong Laboratory (JHU)  
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 Supplemental video 1- Optical stimulation of the nape of the neck of MrgprA3Cre-eGFP+/-

:Rosa26ChR2-eYFP mice evokes predominantly aversive behaviors distinct from scratching 

(related to Figure 2). 

 Supplemental video 2- Optical stimulation of the nape of the neck of MrgprA3Cre-eGFP-/-

:Rosa26ChR2-eYFP cagemate littermates evokes no behavior (related to Figure 2). 

 Supplemental video 3- Frame-by-frame quantification of different behaviors in the cheek 

assay in mice (related to Figure 3). 

 Supplemental video 4- Optical stimulation of the cheek with blue light evokes stereotypical 

wiping behavior in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mice (related to Figure 3). 

 Supplemental video 5- Control optical stimulation of the cheek with yellow light does not 

induce any behavior in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mice (related to Figure 3). 

 Supplemental video 6- Optical stimulation of the cheek with blue light evokes no behavior in 

MrgprA3Cre-eGFP-/-:Rosa26ChR2-eYFP cagemate littermates (related to Figure 3). 

 Supplemental video 7- Optical stimulation of the hindpaw with blue light evokes nocifensive 

responses in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mice (related to Figure 5). 

 Supplemental video 8- Optical stimulation of the hindpaw with blue light evokes no 

behavior in MrgprA3Cre-eGFP-/-:Rosa26ChR2-eYFP cagemate littermates (related to Figure 5). 
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Supplemental Information 

 

Supplemental figure 1- Multi-angle frame-by-frame video annotation allows precise 

analysis of scratching behavior (related to Figure 1). a) Unilateral hindpaw scratching behavior 

can be observed and corroborated from different angles. The same mouse is shown from three 

different angles (Back, Top, and Front) during a scratching bout. The behavior is not detectable 

from the back angle camera while it can be detected in the two other angles. b) Timeline of time 

spent scratching demonstrates similar build-up and wind-down pattern of behavior in Cre+/-

/CNO and Cre+/-/CQ groups but not in Cre-/-/CNO, confirming induction of itch by CQ and by 



 

C h a p t e r  2 :  M a n u s c r i p t  1 ;  N e u r o n  2 0 2 0  | 99 
 

CNO in Cre-expressing AAV-transduced animals. Observation of sporadic and irregular 

scratching bouts in the Cre-/-/CNO group, in comparison to Cre+/-/CNO cage-/litter-mates, 

confirms the dependence of CNO on DREADD expression to induce itch. Similarity to figure 1e is 

due to individual scratching bout durations being comparable (Figure 1d). Two-way ANOVA, and 

Bonferroni post-hoc tests were used for comparison of Cre (#) or drug effects (*) over time. The 

one-hour period of observation (injection at time = 0) was divided into 10 equal 6-minute bins 

for statistical comparisons. c) DREADD-mediated metabotropic stimulation of MrgprA3 C-

afferents evokes pruriception. Total time spent scratching over the 1-hour period following CNO 

injection indicates that scratching behavior is Cre-dependent (unpaired t-test, p < 0.01). 

Activation of endogenous MrgprA3 by CQ evokes a significantly higher intensity of pruriception 

(paired t-test, p < 0.01). 
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Supplemental figure 2- Proper expression of opsins and DREADDs  in trigeminal 

MrgprA3 C-afferents validates the cheek behavioral discrimination assay (related to Figure 2). 

a) Resolving eYFP and eGFP signals demonstrated by compartmentalization of Cre-eGFP mainly 

in the nucleos and ChR2-eYFP on the membrane of primary sensory neurons. b) CQ induces 

higher itch intensities than CNO in the cheek assay. Similar to the nape of the neck (Figure 1f), 

metabotropic activation of all MrgprA3 C-afferents through their endogenous GPCR induces 

more total time spent scratching than activation of a subset of afferents through DREADDs 
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(paired t-test, p < 0.01, n=6-7). These results are derived from the experiment represented in 

Figure 3. c) ChR2 is expressed in the trigeminal ganglia of MrgprA3Cre-eGFP+/-:Rosa26ChR2-

eYFP+ animals in a Cre-dependent fashion. Similar to the cervical dorsal root ganglia (Figure 2a), 

membrane-bound ChR2 is expressed in Cre-expressing trigeminal afferents innervating the 

cheek hairy skin. d) ChR2-EYFP opsins are trafficked to the hairy skin of the cheek. Opsin 

expression in the cheek epidermis of MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+ mice is confirmed 

by the eYFP signal located in a subset of peripheral nerve endings (stained with PGP9.5). A hair 

shaft is indicated by dotted lines and the border between dermis and epidermis is indicated by 

dotted lines.  
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Supplemental figure 3- MrgprA3 C-afferents innervate the substantia gelatinosa in 

spinal cord (related to Figure 4). a) Tiled coronal section of the medullary spinal cord from an 

AAV-transduced MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mouse shows termination of MrgprA3 

afferents in lamina II. b) Zoomed view of the superficial laminae (yellow box in a) confirms 

expression of hM3Dq in eYFP-expressing terminals. c) i.c. administration of the GRPR blocker RC-
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3095 blunts CQ-induced itch. Timeline of time spent scratching, similar to the timeline of 

scratching bout counts (Figure 4c), indicates that GRPR blockade alleviates pruriception more 

effectively at earlier time points. Average counts in 6-minute time bins are displayed with 

shades indicating SEMs. Two-way ANOVA test with Bonferroni post-tests was used for statistical 

comparison. d) Total time spent scratching also confirms the inhibitory effect of RC-3095 in the 1 

hour post CQ injection in the nape of the neck (p < 0.05, paired t-test, n=13).  
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Supplemental figure 4- ChR2 expression in MrgprA3 C-afferents innervating the 

hindpaw underlies light-evoked nociception by transdermal illumination of the plantar 

surface (related to Figure 5). a) MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP+ mice express 

channelrhodopsin-2 in MrgprA3+ primary afferents in lumbar dorsal root ganglia. b) The central 

terminals of transgenic ChR2-expressing eYFP-positive MrgprA3 C-afferents are located in the 

substantia gelatinosa in lumbar spinal cord.   
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Supplemental figure 5- Pharmacological blockade of TRPC3, TRPA1, and TRPV1 

channels reduces CQ-evoked itch mediated by MrgprA3 C-afferents (related to Figure 6). a) 

TRP channel blockers reduce CQ-induced pruriception by changing the kinetics of the scratching 

behavior. Similar to the timeline of scratching bout counts (Figure 6c), the timeline of time spent 

scratching shows that pharmacological blockade of the TRP channels reduces the itch behavior 

more effectively at earlier time points (Two-way ANOVA with Bonferroni post-hoc test, %, #, and 

* symbols depict significance levels for comparison of the vehicle vs. Pyr10, HC030031, or 

AMG9810 groups, respectively). b) Total durations of time spent scratching in the 1 hour period 

post CQ injection, showing a significant decrease of scratching intensity by TRPA1 and TRPV1 

blockers (One-way ANOVA with Bonferroni post-Hoc test). 
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Supplemental figure 6- Protective and site-directed nocifensive behaviors are reduced 

by specific silencing of MrgprA3 C-afferents after purinergic activation (related to Figure 7). a) 

Detailed time-course of licking behavior induced by intraplantar injection of αβmeATP (20 mM) 

in the hindpaw 30 minutes after conditioning with coinjection of QX-314 with saline or CQ (5 
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mM). Each line represents an individual wildtype C57Bl6 mouse (n = 7-8) and every block 

indicates the number of licking behaviors observed (left panel), or time spent behaving (right 

panel) in 10-second time bins, as defined by the heat maps. b) Timeline of the licking bouts 

observed, showing that QX-314-mediated silencing of CQ-responsive cells reduces this site-

directed coping behavior after αβmeATP-evoked pain. Average durations of licking in 30-second 

time bins are displayed with shades indicating the SEM. Two-way ANOVA test with Bonferroni 

post-tests was used for statistical comparison (p <0.001). c) Conditional silencing of CQ-

responsive afferents reduces the total duration of purinergic licking behavior. Animals receiving 

QX-314 + CQ 30 minutes before αβmeATP spend significantly less time licking the site of 

injection in the 5 minutes period after algogen administration (p < 0.05, unpaired t-test). Similar 

to licking behavior, details of lifting behavior are demonstrated in panels d, e, and f. In the time 

progression (e) the difference of lifting behavior in the  QX-314 + CQ group is significantly less in 

the earlier time bins (p < 0.05) and this behavior is almost not observed after 2 minutes from 

algogen injection (d & e). 
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Supplemental video 1- Optical stimulation of the nape of the neck of MrgprA3Cre-eGFP+/-

:Rosa26ChR2-eYFP mice evokes predominantly aversive behaviors distinct from scratching 

(related to Figure 2).  

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc2.mp4 

 

Supplemental video 2- Optical stimulation of the nape of the neck of MrgprA3Cre-eGFP-/-

:Rosa26ChR2-eYFP cagemate littermates evokes no behavior (related to Figure 2).  

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc3.mp4 

 

Supplemental video 3- Frame-by-frame quantification of different behaviors in the cheek 

assay in mice (related to Figure 3). Blue: hindpaw scratching of the cheek ipsilateral to the 

injection. Red: Unilateral forepaw wiping of the injected cheek. Green: Bilateral forepaw 

grooming behavior.  

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc4.mp4 

 

Supplemental video 4- Optical stimulation of the cheek with blue light evokes stereotypical 

wiping behavior in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mice (related to Figure 3).  

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc5.mp4 

 

 

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc2.mp4
https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc3.mp4
https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc4.mp4
https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc5.mp4
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Supplemental video 5- Control optical stimulation of the cheek with yellow light does not 

induce any behavior in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mice (related to Figure 3). 

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc6.mp4 

 

Supplemental video 6- Optical stimulation of the cheek with blue light evokes no behavior in 

MrgprA3Cre-eGFP-/-:Rosa26ChR2-eYFP cagemate littermates (related to Figure 3). 

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc7.mp4 

 

Supplemental video 7- Optical stimulation of the hindpaw with blue light evokes nocifensive 

responses in MrgprA3Cre-eGFP+/-:Rosa26ChR2-eYFP mice (related to Figure 5). 

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc8.mp4 

 

Supplemental video 8- Optical stimulation of the hindpaw with blue light evokes no behavior 

in MrgprA3Cre-eGFP-/-:Rosa26ChR2-eYFP cagemate littermates (related to Figure 5). 

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc9.mp4 

 

 

  

https://ars.els-cdn.com/content/image/1-s2.0-S0896627320302282-mmc6.mp4
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Linker 

Whether the primary afferents send specific signals or relay signals pertaining to 

multiple modalities, the cellular heterogeneities of the sensory ganglia contribute to these 

signals. As shown in the previous chapter, modulations through effectors such as TRP channels 

can hold key information about how the sensory stimuli are differentially encoded. 

Understanding the heterogeneities and the molecular capacities of the cells in the primary 

sensory ganglia can further clarify the mechanisms through which somatosensation is achieved. 
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Summary 

Primary afferents, with their terminals at the outermost frontiers of the nervous system, 

transmit the first-order sensory signals detected in the periphery. Cell bodies of these unique 

neurons reside in the sensory ganglia where they are closely chaperoned by various non-

neuronal cells which can contribute to information processing and modulation. Understanding 

the cellular roster of human sensory ganglia can significantly improve our knowledge of how 

sensory modalities are coded in health and are altered in disease conditions. Here we aim to 

provide the first comprehensive cellular atlas of human dorsal root ganglia (DRG) as a resource 

for pain research and sensory neuroscience. In order to capture the genomic landscape of DRGs 

in states closely similar to in vivo conditions, we opted to use single-nucleus RNA sequencing 

from flash frozen postmortem samples. To further enrich the data set, we also include 

epigenomic information from individual nuclei by performing assay for transposase-accessible 

chromatin using sequencing (scATAC-seq). Preliminary results show the feasibility of this dual 

approach and the possibility of resolving physiologically relevant and expected cellular clusters 

from human DRGs.  

 

Keywords 

Human dorsal root ganglia (DRG), Single nucleus RNA sequencing (snRNA-seq), Single cell ATAC 

sequencing (scATAC-seq), pain, ion channels, transcriptome, epigenetics 
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Introduction 

The cell bodies of primary afferents, the frontiers of somatosensory nervous system in 

vertebrates, reside in primary sensory ganglia. These pseudo-unipolar neurons extend one axon 

to their receptive fields in peripheral organs such as the skin, muscle, bones and viscera, while 

they send another axon to the central nervous system, mainly the spinal cord. The unique 

characteristics of these neurons with their extensive axonal processes, require special 

anatomical, metabolic, and autonomic support structures exclusively present in sensory ganglia 

(Devor, 1999; Haberberger et al., 2019; Matsuda et al., 2005; Nascimento et al., 2018). 

Different neurons of the peripheral sensory ganglia innervate receptive fields with different 

spatial and density characteristics and neurons from each ganglion tend to cover similar areas 

on the body called dermatomes (Foerster, 1933; Lee et al., 2008). Other than distinctive 

receptive fields, primary afferents display transcriptomic, cellular, and cytochemical diversities 

which have been correlated with their distinct functionalities (Carr and Nagy, 1993; Gatto et al., 

2019; Le Pichon and Chesler, 2014). Whereas highly myelinated Aβ afferents with large cell-

bodies are believed to be primarily responsible for transmission of touch and vibration 

modalities, unmyelinated C fibers with small cell bodies are mainly nociceptors, i.e. pain 

sensing, with distinct modality sensitivity (Todd and Koerber, 2006). To better characterize the 

connection of these neuronal types to their function, there has been various attempts in recent 

years for categorizing peripheral somatosensory afferents based on their transcriptome (Kupari 

et al., 2021; Nguyen et al., 2021; Usoskin et al., 2015). These categories, if shown to be reliable 

and consistent, can significantly affect the identification of therapeutic targets for sensory 
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modality specific treatments. As most previous studies in this field were done in animal models, 

mainly due to specific technical requirements of human sensory ganglia samples, in this project 

we aimed to provide high quality single-cell transcriptomic data from human DRGs. 

The primary neurons are not unaccompanied in the sensory ganglia. On the contrary, sensory 

neuronal cell bodies are tightly embraced by satellite glial cells and other distinctive cellular 

structures such as Dogiel’s pericellular nests, and Cajal’s initial glomeruli (Devor, 1999; Matsuda 

et al., 2005). The non-neuronal cells in the sensory ganglia include satellite glial cells (SGCs), 

mesenchymal cells such as fibroblasts, hematopoietic cells such as B cells, T cells, and 

macrophages, Schwann cells, vascular smooth muscle and endothelial cells. These cells are 

known to be essential in maintenance and homeostatic support of the sensory neurons 

(Esposito et al., 2019; Pannese, 1964). Moreover, recently the non-neuronal cells of the primary 

sensory ganglia are becoming important topics of research as they are shown to significantly 

contribute to the neurons’ function and their excitability states (Feldman-Goriachnik and 

Hanani, 2021; Hanani, 2005; Hanani and Spray, 2020). SCGs and macrophages, for instance, 

have also been indicated in various chronic disease states (Iwai et al., 2021; De Logu et al., 

2021; Warwick and Hanani, 2013). In this single-cell profiling study, we decided to also include 

transcriptomic information on the non-neuronal cells as they may also serve as therapeutic 

targets for treating sensory diseases such as chronic pain or pruritus. 

Due to the tight anatomical enmeshment of the primary sensory neurons by SGCs, the highly 

fibrous nature of the sensory ganglia, and their high myelin content, the dissociation of whole 

single neuronal cells requires a combination of harsh mechanical, enzymatic, and chemical 

treatments (Valtcheva et al., 2016). These treatments may introduce multiple confounding 
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factors in the transcriptomic profiling of the cells in sensory ganglia. For instance, the large and 

fragile sensory neurons that exist in the sensory ganglia represent a smaller fraction of the 

neuronal population in the single-cell RNA sequencing (scRNA-seq) studies compared to what is 

expected from the immune-histochemical studies performed on fixed tissue (Kupari et al., 

2021; Usoskin et al., 2015). Moreover, as living axotomized cells go through these relatively 

long dissociation and isolation procedures, the native transcriptomic content of these cells may 

be affected by the time the RNA is captured and cDNA is generated. One readily available 

indicator of such impact is the increase in stressed induced transcription factors like activating 

transcription factor 3 (ATF3) or excessive presence of mitochondrial genes in the captured cells 

(Wangzhou et al., 2020). To ensure proper separation of cellular entities, reduce the 

dissociation and isolation biases towards certain cell types, and to minimize the post-mortem 

transcriptomic deviation from in vivo conditions, for this project we flash froze and protected 

the human sensory ganglia shortly after cross-clamp of the donors. We also opted to perform 

both single-nucleus RNA sequencing (snRNA-seq) and nuclear captures of these rare samples. 

The dynamic nature of the cellular components of the peripheral sensory system has been 

demonstrated in studies comparing the transcriptomic repertoire of these cells in healthy and 

disease conditions (Cobos et al., 2018; Nguyen et al., 2019; Shin et al., 2019). Key information 

about targetability of the sensory afferent subpopulations, or their supporting cells in the 

sensory ganglia may be in their capability to change. The epigenomic characteristics of the cells 

in the sensory ganglia, and the chromatin accessibility loci can be valuable indicators of genetic 

flexibility in these cells. Hence, in order to enrich our data set in a unique way, in the current 
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study we are including ATAC sequencing (assay for transposase-accessible chromatin using 

sequencing) information for all cellular subpopulations of primary sensory ganglia.  

ATAC-seq was originally developed for investigation of open chromatin regions in the genome 

(Buenrostro et al., 2013) and with advances in the field of single-cell technologies, it is now 

possible to perform these studies at the single-cell level (Sinha et al., 2021). Integration of 

single-cell transcriptomic and ATAC information can make cell-specific genomic research 

possible in ways not explored before (Stuart et al., 2019). Processed data from such 

experiments can be used not only for taxonomic listing of clusters, or a snapshot of their 

expression patterns, but also for analysis of cis-regulatory elements such as promoters and 

enhancers, and trans-regulatory elements like transcription factors, in every cellular cluster 

population. This can unravel genetic capacities of key cell types while providing estimates for 

gene activity and genetic variants’ accessibility as well (Satpathy et al., 2019). 

Studying epigenetic heterogeneity and transcriptomic capacity of cells within DRGs, as 

prototypical primary sensory ganglia, is essential for understanding the dynamic mechanisms of 

somatosensation, can improve our understanding of sensory disorders, and may lead to 

identification of novel therapeutic targets for conditions such as chronic pain and itch. In this 

paper we aim to provide the comprehensive genetic landscape of human dorsal root ganglia 

(DRG) as a valuable resource for sensory research. We believe this can clarify various 

hypotheses pertaining to sensory mechanisms in health and disease, can be used for ideation of 

many novel sensory research, and can serve as a reference for peripheral nervous system 

genetic studies.  
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Results 

Quality of captured transcriptomes is of critical importance for any RNA sequencing 

study. For single-cell and single-nucleus RNA sequencing studies, the importance of RNA 

integrity and quality is even more pronounced as many steps in the analysis pipelines rely on 

high confidence on captured RNA. For the current study, in order to produce meaningful 

sequencing results, after rigorous optimization, multiple quality control check points were 

defined and tested during each experiment (refer to material and methods, and Supplementary 

figures 1-4). First, the quality of each original tissue sample’s transcriptomic content was 

quantified by direct (whole tissue) RNA extraction and RNA integrity number (RIN) 

measurement through Agilent TapeStation automated electrophoresis (Supplementary figure 

1D). Only samples with RINs of 6 and higher were passed on to dissociation and isolation steps. 

In addition to the initial tissue quality, single-nucleus experiments require meticulous 

optimization of dissociation and isolation procedures. DRG tissue is highly fibrous with high 

myelin contents in unique organization of supporting cells closely connected and tightly 

surrounding sensory neurons (Supplementary figure 1A-C). Such entangled organization calls 

for optimization of the extensive dissociation required, which can be a combination of 

mechanical, enzymatic, and chemical interventions. Based on morphology and number of the 

nuclei isolated, along with RNA quality and yield, we narrowed the isolation methods to two 

protocols (see Materials and methods). In order to verify whether the final isolation detergents 

and protocols introduce biases in the captured genetic material, and to increase the total 

number of nuclei analyzed from each human DRG, for each capture both protocols were run in 

parallel on similar initial amounts of tissue. Before checking the profile of the nuclear RNA, the 
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quality of the nuclear samples was assessed by their morphology and numbers at multiple steps 

in the isolation procedure. Integrity of the nuclear membrane, low aggregation levels, low 

levels of cellular debris, and sufficient numbers of nuclei for efficient 10x genomic capture were 

verified before each capture (Supplementary figure 1E-F). Furthermore, the RNA content of the 

isolated nuclei were quantified by high sensitivity electrophoresis (Supplementary figure 1G).  

After microfluidic single-nucleus captures (10x Genomics), the quality of the cDNA libraries 

generated from each sample were further verified by a LabChip bioanalyzer (Supplementary 

figure 2A). cDNA libraries with expected profiles and high yields were processed for generation 

of sequencing-ready libraries. They were then quality controlled for library profiles, measured 

for precise concentrations, and were submitted for sequencing (Supplementary figure 2B, 

Materials and methods). 

Sequencing results were aligned to a human genome reference (NCBI GRCh38) and cell calling 

was performed by CellRanger software (see Materials and methods for details). From the 

single-nucleus RNA sequencing captures, a total of 63,931 nuclei were detected from 8 

different experiments. General quality control steps were taken for defining the quality of the 

assigned nuclei (Supplementary figure 3). After sorting the nuclei based on their unique genes 

(features) and unique RNAs (UMI counts), barcodes with low numbers of UMIs or high number 

of features were excluded (see Materials and methods). All in all, a total of 46,079 nuclei were 

passed on to clustering steps. 
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Single-nucleus RNA sequencing of whole human DRG tissue 

In order to regress out the effect of capture experiments and inter-subject variations, data from 

different captures were integrated by mapping onto defined anchor points. 10 major cell types 

were defined in an initial clustering (Figure 1A). Contribution of each capture experiment to all 

clusters (and subclusters) was verified by per-experiment plotting of final UMAPs 

(Supplementary figure 4A-C). Furthermore, we verified that the clustering was not biased by 

depth of capture and sequencing for various experiments, by plotting the UMAPS colored by 

the counts of features and UMIs (Supplementary figure 4D-E). About one third (32.8%) of the 

nuclei from the DRG expressed genes such as Fibronectin Leucine Rich Transmembrane Protein 

2 (FLRT2) that are previously described as marker genes for fibroblasts (Franzén et al., 2019; 

Lacy et al., 1999). Another large set of nuclei (27.2%) could be described by genes known to be 

expressed in satellite glial cells, e.g. neural cell adhesion molecule 1 (NCAM1) (Fukada et al., 

2007; Illa et al., 1992). Hematopoietic cells expressing genes reported as macrophage markers, 

such as CD163 Molecule (Abraham and Drummond, 2006; Komohara et al., 2006), were the 

next large cluster of nuclei (18.8%). Neuronal nuclei, defined by markers such as Tubulin Beta 3 

Class III (TUBB3) (Lee et al., 1990), constituted 8.3% of the total nuclei. About 6% of the nuclei 

could be clustered as endothelial cells as they expressed genes such as Fms Related Receptor 

Tyrosine Kinase 1 (FLT1) (Lau et al., 2020). Nuclei expressing high levels of genes such as Src 

Kinase Associated Phosphoprotein 1 (SKAP1) were tagged as T cells (2.5%) (Dadwal et al., 2021; 

Marie-Cardine et al., 1997) while those expressing genes like Myelin Protein Zero (MPZ) were 

called myelinating Schwann cells (2.2%) (Jessen and Mirsky, 2019; Su et al., 1993). Less than 1% 

of the nuclei belonged to clusters that were enriched for Myosin Heavy Chain 11 (MYH11), 
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Adiponectin, C1Q and Collagen Domain Containing (ADIPOQ), and B lymphocyte kinase (BLK), 

genes respectively associated with smooth muscle cell (0.9%) (Chakraborty et al., 2019; 

Matsuoka et al., 1993), adipocytes (0.8%) (Hu et al., 1996; Levina et al., 2021), and B cells (0.6%) 

(Dymecki et al., 1990). Numbers of the captured nuclei are detailed in Figure 1B. The 

distribution of expression for some of the marker genes in individual nuclei of every cluster is 

shown in Figure 1C heatmap. The top 20 differentially expressed genes in satellite glial cells 

nuclei (SGCs) and neuronal nuclei are also shown in Figure 1D dot plots. Detailed dot plots for 

all clusters are included in supplementary information (Supplementary figure 5). To 

demonstrate the differential presence of some well-known marker genes in various clusters, 

the highly expressed markers genes Protein Tyrosine Phosphatase Receptor Type Z1 (PTPRZ1), 

and Synaptosome Associated Protein 25 (SNAP25), as markers of SCGs (Fukada et al., 2007; 

Milev et al., 1994; Snyder et al., 1996) and neurons (Oyler et al., 1989; Tang, 2021) respectively, 

are shown in the feature plots (Figure 1E-F). Feature plots for all major clusters are provided in 

Supplementary figure 5. 

Single-nucleus RNA sequencing of human DRG neurons 

Out of the 46079 nuclei analyzed, 3811 were transcriptionally defined as neurons. In order to 

verify the feasibility of further clustering neurons into smaller cellular categories, we performed 

principal component analysis (PCA) for dimensionality reduction and clustering on the neuronal 

nuclei. Preliminary clustering algorithms suggest more than a dozen subcategories of these 

nuclei, requiring further validation (Figure 2A). However, based on these crude groupings and 

several classically known markers in the top highly expressed genes, we believe the data set 



 

122 | C h a p t e r  3 :  M a n u s c r i p t  2 ;  I n  p r e p a r a t i o n  
 

identifies at least 436 proprioceptors, 386 peptidergic nociceptors, and 202 pruriceptors. 

Feature plots of some of the well-known markers for these subpopulations, namely 

parvalbumin gene (PVALB) as a marker of proprioceptors, substance P gene (TAC1) as a marker 

of peptidergic nociceptors, and IL31 receptor gene (IL31RA) as a marker of pruriceptors are 

shown in Figure 2B. More of these marker genes and their expression distribution in individual 

nuclei are shown in Figure 2C heat map. The top uniquely expressed genes in these clusters are 

also included in the dot plots (Figure 2D). 

Multi-modal single-nucleus sequencing (RNAseq plus ATACseq) 

Single-cell RNA experiments can provide rich data for studies at population levels but as their 

sampling is very sparse, RNA distribution over cell compartments and time are not 

homogenous, and as RNA life span is relatively short, common sample sizes do not allow 

constructing a comprehensive map of cellular transcriptomic landscape. In particular, for cells 

like neurons that are post-mitotic, terminally differentiated, and spatially extended, the genetic 

capacity may not be depicted as thoroughly by the transcriptome as by the epigenome. Here 

we are presenting some preliminary data from few multiome experiments that we performed 

for integrating single-nucleus RNA sequencing and single-nucleus ATAC sequencing of human 

DRG. As we have optimized most steps of these experiments, we aim to increase the sample 

sizes to significantly enrich the resource that this study can provide for the sensory research 

community. The main purpose of this section is to prove the feasibility of such experiments 

with the current samples and technical setups. 
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From the total 12,296 nuclei detected by preliminary cell-calling algorithms, 10,454 passed the 

quality control criteria for further analyses (See Materials and Methods). Whole DRG nuclei 

were clustered after dimensionality reduction based on the gene expression data and 6 general 

biologically known populations were detected (Figure 3A). A breakdown of the populations is 

shown in Figure 3B. Some of the top differentially expressed marker genes are shown in 

Figure 3C heatmap.  

One of the primary advantages of scATAC-seq in parallel to snRNA-seq is the increased 

confidence and accuracy of clustering. For instance, although the sample size and the count of 

nuclei in the analyzed dataset is still low, we can verify clusters by searching for known lineage-

specific transcription factors (TFs) and counting the open chromatin regions that bear their 

motifs. Here, we looked at the macrophage lineage-specific transcription factor, PU.1 

(REFghisletti2010&Heinz2010) which is coded by SPI1 gene. Interestingly, in this case, although 

there are very few copies of the mRNA detected by the transcriptomic capture (Figure 3D), 

there is clear and statistically significant increased levels of SPI1 motif counts detected in the 

macrophage cluster (Figure 3E). Another advantage of the combined transcriptomic and 

chromatin accessibility single cell analyses is to detect novel links between these components. 

Positive and negative correlation between sites with increased accessibility with other open 

areas or detected transcripts can lead to discoveries of cis and trans regulatory elements in the 

genome. Unfortunately, with current sample sizes, the dataset is still immature for such 

purposes but an example of such links is shown in supplementary figure 7.   



 

124 | C h a p t e r  3 :  M a n u s c r i p t  2 ;  I n  p r e p a r a t i o n  
 

Discussion 

Primary sensory ganglia, including DRGs, are important therapeutic sites for sensory 

disorders (Esposito et al., 2019). Understanding the cellular environment of these ganglia is a 

focus of many researchers as it undoubtedly improves our knowledge about the biology of 

primary afferents and how they function in health and disease. Here we are providing a unique 

and thorough atlas of the genomic landscape of DRGs. This resource can be used for refining 

previously debated theories such as the labeled line theory retrospectively or for development 

of novel ways to study and target the function of primary sensory cells. Moreover, the 

multimodal approach taken in this study can redefine and fine-tune the labels and markers 

used for such compartmental strategies towards the sensory afferents, as the differences might 

not be necessarily based on transcriptome or protein expressions, and rather be in the 

epigenomic capacities of the cells. 

Single-cell sequencing data are intrinsically noisy and sparse (Eraslan et al., 2019; Lähnemann et 

al., 2020) hence they require large sample sizes or combinatorial approaches that can 

complement each other. In this study we are aiming to have statistically acceptable sample 

sizes (at least 8 subjects in total) and also increase the power and quality of the data by 

including multiple information modalities. Other than the single-nucleus RNA sequencing and 

ATAC sequencing data discussed in the current report, we have also optimized the usage of 

single-cell full-length cDNA sequencing (Oxford Nanopore Technologies). Combined with whole 

tissue long-read RNA sequencing, this information can lead to detection of splicing variants in 

specific subpopulation of cells, improving the depth of the transcriptome databases. 
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Inclusion of all cellular subtypes present in the DRG (“the DRG ecosystem”), significantly 

distinguishes the current study from previously published studies in the field. This is long 

overdue as there are several studies showing the contribution of non-neuronal cells of the 

sensory ganglia to chronic sensory disorders, e.g. the role of macrophages in neuropathic pain 

(Iwai et al., 2021; De Logu et al., 2021; Yu et al., 2020; Zhang et al., 2016a), or the participation 

of SGCs in peripheral sensitization (Hanani and Spray, 2020; Pannese et al., 2003; Warwick and 

Hanani, 2013). Understanding these non-neuronal cell types and their respective subcategories 

has also the potential to facilitate the identification of novel therapeutic targets for the 

treatment of sensory disorders. 

We are aiming to balance the male and female samples included in this study. Distinct from 

most previous works in the field, this can provide the possibility of studying sex differences in 

the neuronal, as well as non-neuronal, populations of cells in the primary sensory ganglia. 

Although there are studies showing sexual dimorphism regarding important genes such as 

opioid receptors (Liu et al., 2007; Lomas et al., 2007; Midavaine et al., 2021) and some 

cytokines (Gregus et al., 2021; Yu et al., 2020), to our knowledge there is no comprehensive 

studies addressing these differences at the single-cell resolution. Using our dual approach, we 

will be able to investigate whether sex differences are present at the transcriptomic level or 

among the non-coding genomic elements that are mostly involved in epigenetic regulation of 

gene expression. 
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Figures & Legends  
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Figure 1- Single-nucleus RNA sequencing of whole human dorsal root ganglia indicates 

the presence of multiple cell types with distinct population sizes.  

A) Low-resolution clustering of more than 46,000 single nuclei based on their transcriptomic 

profile defines 10 different categories of cells.  

B) Breakdown of major cell types tally in whole DRGs. While almost one third of the nuclei 

counts belong to SGC and fibroblast categories, neurons make close to 8% of the total 

population.  

C) Heatmap of top marker genes expressed in each cluster.  

D) Dot plots showing the top differentially expressed genes in the SGC and neuron clusters.  

E) Distribution of PTPRZ1 gene expression in all nuclei, overlaid on the UMAP dimensionality 

reduction graphs showing the enrichment of this marker in the SGC cluster.  

F) Feature plot demonstrating SNAP25 gene expression enrichment in the neurons cluster. 
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Figure 2- Sub-clustering of human DRG neurons based on single-nucleus 

transcriptomics. 

 A) Unsupervised clustering of 3811 neuronal nuclei suggests 14 categories of cellular subtypes. 

B) Known markers such as parvalbumin, substance P, and interleukin 31 receptor genes are 

enriched in three separate initial clusters.  

C) Heatmaps showing distribution of typically enriched genes in the proprioceptor, peptidergic 

nociceptor, and pruriceptor subpopulations.  

D) Dot plots showing top differentially expressed genes from named clusters. 
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Figure 3- Single-nucleus RNA-seq and scATAC-seq of whole human DRG provides 

reliable clustering and epigenomic information on cell types. 

A) Preliminary clustering of nuclei based on gene expression data derived from multiome single-

nucleus captures results in similar clustering to that of single-nucleus transcriptomic captures. 

B) Distribution of cell type populations in the DRG (one subject, two capture experiments) 

C) Heatmap showing the expression levels of some of the top differentially expressed 

transcriptomes. 

D) Feature plot showing the expression levels of PU.1 transcription factor (SPI1 gene). Note the 

low amount of mRNA levels captured. 

E) Feature plot showing the normalized sum of accessible regions containing PU.1 transcription 

factor motif regions derived from single nucleus ATAC data, confirming the high levels of 

macrophage lineage specific transcription factor accessibility in the macrophage cluster. 
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Materials and methods 

Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies and dyes 

DRAQ-5 Thermo Scientific 62251 

Chemicals, Peptides, and Recombinant Proteins 

Tris pH 7.4 Rockland Immunochemicals CAMB-002 

Tris pH 8 Fisher Scientific BP1758-500 

NaCl Invitrogen AM9760G 

MgCl2 Invitrogen AM9530G 

CaCl2 VWR Life Sciences E506-100ML 

BSA Bioshop Canada Inc. ALB001.500 

Tween-20 Sigma P7949-500mL 

Nuclease free water Applied Biosystems 901578 

10X PBS ThermoFisher AM9624 

NP-40 Abcam Inc ab142227-100ML 

CHAPS Fisher BioReagents FLBP5715 

Digitonin Invitrogen LSBN2006 

Sigma Protector RNase inhibitor Roche 3335402001 

RNase Inhibitor Enzymatics /Qiagen Y9240L 

RNaseIN plus Promega PRN2615 

SuperaseIN Invitrogen AM2696 

RNA protect tissue reagent Qiagen 76104 

RNase free DNase Set Qiagen 79254 

   

Other consumables 
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Chromium Next GEM Single Cell 3' Kit 
v3.1,16 rxns 

10X Genomics Inc. 1000268 

Chromium Next GEM Single Cell 
MultiomeATAC + Gene Expression 
Reagent Bundle,16 rxns 

10X Genomics Inc. 1000283 

pluriStrainer Mini 40µ Fisher Scientific NC1469671 

pluriStrainer Mini 20µ Fisher Scientific NC1423042 

MACS SmartStrainer Miltenyi Biotec 130-110-915 

Hemacytometers SKC Inc. DHCN015 

HT DNA 1K/12K/HI SENS LABCHIP PerkinElmer Health Sciences 
Canada, Inc. 

760517 

Qubit RNA high sensitivity ThermoFischer Scientific Q32852 

Qubit 1X dsDNA high sensitivity ThermoFischer Scientific Q33230 

High Sensitivity RNA ScreenTape Agilent 5067-5579-81 

D5000 DNA screentape Agilent 5067-5588-90 

RNeasy Plus Mini kit Qiagen 74134 

RNeasy Plus Micro kit Qiagen 74034 

QiaShredder Qiagen 79654 

Ligation Sequencing kit Oxford Nanopore Technologies SQK-LSK109 

PromethION flowcell Oxford Nanopore Technologies FLO-PRO002 

Non-consumables 

Tissue Grinder Douncer 7ML CS2 Kimble 62400-620 

Bessman Tissue Pulverizers Fisher Scientific 08-418-2 
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Experimental Tissue and Subjects Details 

Subjects  

Lumbar DRGs (L4-L5) from de-identified male and female organ donors were harvested through 

a collaboration with Transplant Quebec Organ Donation according to the protocols approved by 

McGill University ethical review board (IRB#s A04-M53-08B). Multiple DRG samples from male 

and female subjects aged between 25 to 78 were used for optimization of the dissociation and 

isolation protocols. Two female subjects (68 and 78 years of age) and one male subject (35 

years of age) were included in the data shown in this manuscript. Subjects did not have any 

history of chronic sensory disease and no known medical conditions related to peripheral 

nervous system. 

Harvest protocol 

The lumbar DRGs were harvested within 2 hours of cross-clamp (Valtcheva et al., 2016) and 

were flash frozen in cold isopentane after removal of surrounding connective tissue. The DRGs 

where transferred to -80 °C deep freezers before isolation of nuclei.  
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Isolation of nuclei 

As the DRG tissue is a fibrous tissue with unique structural and organizational anatomy, several 

optimization steps were taken to improve the nuclei purification and increase the yield of nuclei 

from the tissue. To ensure that the isolation protocols did not affect the quality of the genetic 

content of the isolated nuclei, two different protocols with different primary detergents (NP-40 

and CHAPS) and different RNase inhibitors were selected for single nuclei captures. Each DRG 

sample was dissociated according to both isolation protocols in parallel in order to better 

compare the resulting captures and possible biases. 

NP-40 based isolation 

This isolation method was adapted from, and optimized based on the protocol introduced by 

10x genomics for multiome captures (CG000375 | Rev B) (10xGenomics, 2021a). In short, 20-30 

mg of one lumbar DRG was manually chopped by a surgical pair of scissors for 7 minutes before 

10 minutes of lysis in 1 mL of lysis buffer containing pH 7.4 Tris (10 mM), NaCl (10 mM), MgCl2 

(3 mM), NP-40 (0.1 %), DTT (1 mM), BSA (1 %), Sigma Protector RNase inhibitor (1 U/µL). The 

sample was then strained through 40 µ pore size strainers and were centrifuged at 500 g for 6 

minutes at 4 °C. The supernatant was removed and the nuclei were resuspended in 1 mL of PBS 

based wash buffer containing 1 % BSA and 1 U/µL RNase Inhibitor before centrifugation for 5 

minutes at 500 g at 4 °C. For 3’ transcriptomic captures, the pelleted nuclei were then 

resuspended in 30-80 µL of the same PBS based wash buffer before 10x genomics capture by 

Chromium Next GEM Single Cell 3' Kit v3.1 chips using a Chromium controller machine. Before 

capture, the nuclei were quality controlled, counted, and if need be reconcentrated in the same 
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PBS based buffer based on their morphological analysis on hemocytometers using a EVOS FL 

Auto microscope (Life Technologies) and 5 µM DRAQ-5 nuclear staining (Supplementary figure 1). 

CHAPS based isolation 

This isolation method was adapted from, and optimized based on the protocol introduced by 

Drokhlyanski et. al (Drokhlyansky et al., 2020). In short, 20-30 mg of the DRG samples were 

manually chopped by a pair of surgical scissors for 7 minutes before addition of 1 mL CST lysis 

buffer containing pH 8 Tris (10 mM), NaCl (146 mM), CaCl2 (1 mM), MgCl2 (21 mM), BSA (0.1 

%), CHAPS (0.49 %), RNaseIN plus (0.2 U/µL), SuperaseIN (0.1 U/µL). Samples were lysed in this 

solution for 10 minutes on ice with gentle stirring every 2 minutes. The suspension was then 

strained through 40 µ strainers and the lysis was quenched by addition of 3 mL of ST wash 

buffer containing 8 Tris (10 mM), NaCl (146 mM), CaCl2 (1 mM), MgCl2 (21 mM), and 

Enzymatics Inhibitor (0.1 %). Samples were then centrifuged for 6 minutes at 500 g at 4 °C. 

Supernatant was removed and the pellets were resuspended in 1 mL of the same ST wash 

buffer before another centrifugation at 500 g for 5 minutes at 4 °C. For 3’ transcriptomic 

captures, the nuclei in the pellets were reconstituted in 30-80 µL of PBS based buffer containing 

1 % BSA and 1 U/µL RNase Inhibitor. The suspension was then stained by 5 µM DRAQ-5 nuclear 

stain and were quality checked and counted before 10x genomics capture through Chromium 

Next GEM Single Cell 3' Kit v3.1 chips with a 10x chromium controller machine. If required, the 

samples were centrifuged at 500 g for 5 minutes at 4 °C and were reconcentrated in 

appropriate volume of the same PBS based buffer before single nucleus captures. 

Permeabilization for ATAC Captures 
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For multiome captures, after the washing steps nuclei were permeabilized for 1-3 minutes 

depending on the quality of the nuclear membranes in 100 µL of permeabilization buffer 

containing pH 7.4 Tris (10 mM), NaCl (10 mM), MgCl2 (3 mM), BSA (1 %), DTT (1 mM), Tween-

20 (0.1 %), NP-40 (0.1 %), Digitonin (0.01 %), and RNase Inhibitor (1 U/µL). The end point for the 

permeabilization was chosen from separate experiments based on the high magnification phase 

contrast imaging of the nuclei (CG000375 | Rev B) (10xGenomics, 2021a). The permeabilization 

was quenched by addition of 1 mL of wash buffer containing pH 7.4 Tris (10 mM), NaCl (10 

mM), MgCl2 (3 mM), BSA (1 %), DTT (1 mM), Tween-20 (0.1 %), and RNase Inhibitor (1 U/µL). 

The permeabilized nuclei were then pelleted by centrifugation at 500 g for 5 minutes at 4 °C. 

After removal of the supernatant, the nuclei were resuspended in 10-60 µL of diluted nuclei 

buffer containing 10x Genomics Nuclei Buffer, DTT (1 mM), RNase Inhibitor (1 U/µL). Nuclei 

were then quality checked and counted based on their morphological characteristics after 

staining by DRAQ-5 and imaging. If need be, the nuclei were reconcentrated in the same diluted 

nuclei buffer after 5 minutes of centrifugation at 500 g at 4 °C before capturing single nuclei by 

Chromium Next GEM Single Cell MultiomeATAC + Gene Expression Reagent Bundle kits with a 

10x chromium controller machine. 
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Single-nuclei Capture and Barcoding 

3’ captures 

3’ transcriptome captures were performed according to recommended protocols by 10x 

Genomics (CG000204 | Rev D) (10xGenomics, 2019). In short, 1.7 times more nuclei than 

targeted cell recovery were loaded together with the master mix (containing RT reagents and 

enzyme, template switching oligos and reducing agents) in one well of the microfluidic chip 

(type G), in order to compensate for the nuclei capture efficiency in GEMs (gel bead-in 

emulsions). Barcoded gel beads and partitioning oil were loaded in other wells of the same 

columns before sealing the chips and capturing using a Controller device. Chips were checked 

after each run by wide field microscopes to confirm absence of fluidic line clogging, or wetting 

of the GEMs. Refer to supplementary table 1 for detailed information on captures. 

Multiome captures 

Multiome captures were performed according to 10x Genomics recommended protocols in 

Single cell ATAC and Gene expression guides (CG000338 | Rev E) (10xGenomics, 2021b). In 

short, permeabilized nuclei were counted and mixed with transposition reagents with 1.7 time 

more counts than the aimed capture numbers to compensate for capture efficiency. After 1 

hour of transposition at 37 °C the nuclei were mixed with RT reagent mix and loaded on type J 

chromium chips. Barcoded gel beads and partitioning oil were loaded on other well of the same 

column before sealing the chip with the plastic gasket and placing it in the Chromium Controller 

machine (Supplementary table 1 for detailed statistics).  
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Library Preparations 

3’ gene expression libraries 

In accordance with 10x Genomics guides (CG000204 | Rev D) (10xGenomics, 2019), cDNA 

libraries originating from the in-GEM reverse transcription (RT) reactions were cleaned and 

amplified by 12 cycles of PCR according to the recommended protocols before quality control 

steps. cDNA library profiles were checked using automated electrophoresis before short-read 

sequencing ready gene expression library generation, i.e. fragmentation, and adaptor ligation, 

etc. Sequencing libraries profiles were also inspected before submission for sequencing 

(Supplementary figure 2). 

ATAC libraries  

As per the protocol provided by 10x Genomics (CG000338 | Rev E) (10xGenomics, 2021b), 

GEMs were placed in a thermal cycler for completion of enzymatic reactions and reverse 

transcription before quenching the reactions by 10x genomics provided quenching agent. After 

recommended cleaning and purification steps, the samples were pre-amplified for 7 PCR cycles 

before separation into ATAC and GEX (gene expression) allotments. ATAC libraries were then 

made by 8 more PCR cycles using sample index PCR mix before quality check and submission for 

sequencing. Gene expression cDNA libraries were separately cleaned and amplified through 8 

extra PCR cycles. Similar to 3’ captures, the GEX libraries were quality checked, fragmented and 

end-prepped before submission to sequencing (Supplementary figure 2). 
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Full length libraries 

In order to verify the quality of the captured cDNA and to pave the way for better detection of 

splicing variants, full length cDNA libraries produced from 10x captured GEMs were used for 

generation of Nanopore ready sequencing libraries. These libraries are also to be used for 

comparing to whole tissue and whole nuclei controls from prior to 10x captures in order to 

detect any procedural biases towards certain cellular populations. 

Nanopore provided protocol for end repairing and ligation of sequencing adaptors were used 

for library generation (SQK-LSK109). In short, calculated numbers of double stranded cDNA 

amplicons were FFPE end-prepped, cleaned and size selected before ligation to sequencing 

adaptors containing motor proteins. 

Libraries were measured and quality checked by electrophoresis before moving on to 

sequencing steps (data not shown). 
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Sequencing 

In order to normalize the loading amounts of samples, all short read libraries were quantified 

by qPCR using a LightCycler 480 Real Time PCR instrument with the KAPA library quantification 

kit (Roche) prior to submission for sequencing. All data shown in this manuscript were 

sequenced by MGI sequencer model DNBSEQ-G400 (MGI Tech. Co.).  

Gene expression short read sequencing 

Short read libraries from 10x gene expression experiments (3’ or multiome GEX captures) were 

converted to MGI libraries using the MGIEasy Universal Library Conversion Kit. The converted 

libraries were amplified by rolling circle amplification (RCA) to form balls of single stranded DNA 

(DNA nanoballs). These amplification products were then quantified by Qubit with the ssDNA 

HS Assay kit, normalized and loaded on the flowcells using MGI auto-loader (auto-loader MGI-

DL-200R). Libraries were sequenced with MGI, DNBSEQ-G400RS PE100 kit with App-A primers.  

Libraries were sequenced for 28 cycles for read1, 150 cycles for read2 and 8 cycles for the 

indexes. Sequencing depth and statistics are included in supplementary table 1.   

ATAC sequencing 

Single cell ATAC libraries, captured through 10x multiome kits, were also sequenced after 

ligation of MGI sequencing adaptors and RCA. For single cell ATAC libraries App-B primers of 

MGI, DNBSEQ-G400RS PE100 kit were used. These ATAC libraries were sequenced for 90 cycles 

for Read1, 90 cycles for Read2, 8 cycles for i7 index, and 24 cycles (including 8 dark cycles) for i5 
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index using a custom program provided by MGI Tech. Co. called PE90-dualBCDark 

(Supplementary table1 for detailed stats of sequencing). 

Long-read sequencing 

FLO-PR0002 flowcells and PromethION Sequencer were used for long read library sequencing. 

The “Genomic DNA by Ligation” SQK-LSK109 protocol (Version: 

GDE_9063_v109_revAE_14Aug2019) provided by Oxford Nanopore Technologies was used to 

prepare the library for sequencing. When more than one sample had to be barcoded and run 

together in the same flowcell, pairs of native barcodes from the EXP-NBD196 kit were used and 

the library preparation protocol followed was the “Native barcoding genomic DNA (with EXP-

NBD104, EXP-NBD114, and SQK-LSK109; NBE_9065_v109_revAH_14Aug2019)”. During the 

sequencing run when the translocation speed fell below the accepted range, 200 µl of “Flush 

Buffer” was added to the flowcell. The high quality basecalling (HAC) was done with “Guppy v5” 

and the sequenced reads used were the ones with average basecalling quality above 9.   
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Data Analysis 

All data analysis was done on Compute Canada servers. Software and packages used for 

analyses are freely available with open licenses. Detailed codes for individual analysis steps can 

be provided upon request. 

FASTQ demultiplexing of short reads 

The raw fastqs from MGI runs were demultiplexed by fastq-multx 

(https://github.com/brwnj/fastq-multx) and also fgbio/DemuxFastqs 

(http://fulcrumgenomics.github.io/fgbio/tools/latest/DemuxFastqs.html). In both cases we 

used a mismatch of 1. 

3’ transcriptomic capture read alignment 

Initial alignment of transcriptomic data from 3’ captures, combined with the gene expression 

information from the multiome captures were performed using CellRanger 6.1.1. Human 

genome reference GRCh38 downloadable from 10x genomics website (refdata-gex-GRCh38-

2020-A) was used for mapping. Cell calling algorithms integrated in the software package were 

used for the data provided here, with the expected value included as per each capture; i.e. 

aimed nuclei counts at the loading step (refer to stats in supplementary information table 1).  

Multiome capture read alignment 

CellRanger-arc V2.0.0 was used for single cell multiome capture alignments and mapping to 

human genome reference (GRCh38). Based on preliminary quality checks, minimum genes and 

minimum ATAC reads per nuclei were set to 550 and 1000 respectively. Furthermore, nuclei 
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with features counts larger than 12k and cut sites more than 100k were also excluded from the 

current initial reports.  

Data from 2 captures (one male subject), were aggregated using CellRanger-arc aggregate 

function for the downstream analyses included in this manuscript. 

Long read alignment 

Minimap2 (Li, 2018) was used for alignment of long reads to human reference genome 

(GRCh38). 

Gene expression analyses 

After alignment and cell calling by CellRanger, detected “cells” were aggregated using Seurat 

package in R (Hao et al., 2021; Stuart et al., 2019) for initial quality check and parameter 

verification (Supplementary figure 3). Based on these analyses, only barcodes with features 

counts between 550 and 4000 and total RNA counts between 1000 and 12000 were used for 

downstream analyses. As mitochondrial genes are not expected in nuclei captures, in order to 

remove their contribution to dimensionality reduction algorithms and clustering, all 

mitochondrial genes were also removed.  

Dimensionality reduction, clustering, marker definition and visualization were all performed in 

R, using Seurat package. All normalized capture experiments were aggregated using find 

anchors and integrate functions. Whole DRG nuclei passed through principle component 

analysis (PCA) dimensionality reduction down to 30 PCs. T-distributed stochastic neighbor 

embedding (t-SNE) and uniform manifold approximation and projection (UMAP) using multiple 
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k-means were used and the markers of each clustering iteration were manually reviewed 

before a 10 biologically relevant crude clustering was chosen for further analyses (Figure 1). 

Cluster nomenclature and top marker genes were also manually selected based on the top list 

of significantly enriched genes in each cluster. 

Neurons sub-analyses were performed on a subsetted data set of nuclei. Data was scaled, 

centered and verified for proper integration before PCA dimensionality reduction to 20. Initial 

clustering and analyses reported in this manuscript are performed with no further manual 

reclustering or parameter optimization. Three of the 14 suggested clusters were named based 

on their known markers as a demonstration of feasibility.  

ATAC analyses 

Initial analyses included in the current manuscript, including filtering, clustering, and feature 

statistics, were performed by Loupe Browser 6.0.0. Manual marker and cluster detections 

based on gene expression and chromatin accessibility were performed to detect biological 

relevant categories.  

CellRanger-arc reanalyze function was used for sub-clustering of the neuronal population. As 

the sample sizes were limited, the downstream analyses are only shown in the supplementary 

figure 8 as a proof of feasibility. 
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Long-read analyses 

Because of their premature nature, no analysis of long read sequencing is included in the 
current version of the report. 
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Supplementary figure 1- Quality control steps required before single-nucleus capture 

and barcoding of genetic material from DRGs.  

A) Freshly harvested and prepared dorsal root ganglia from a non-human primate (Macaca) 

used as a control for morphological quality check.  

B) Higher magnification of 20 µm-thick section of non-human primate DRG showing the close 

surrounding of satellite glial cells around the neurons. Note in A and B the abundance of non-

neuronal nuclei in comparison to the total number of neurons.  

C) Post-mortem human DRG section stained with Hoechst for nuclei.  

D) Sample electropherogram of a good quality whole tissue RNA sample with RNA integrity 

number (RIN) 7.5. Note clear 18S and 28S peaks.  

E) Example of single high quality nucleus stained with DRAQ-5 prior to microfluidic capture. 

Note round and defined membrane indicating the absence of over-permeabilization.  

F) Example of nuclear suspension used for counting the total number of nuclei per µL (required 

for accurate calculation of loading material).  

G) Whole nuclei RNA electropherogram indicating a wide range of RNA molecule sizes present in 

the purified nuclear samples. 
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Post-capture quality controls 

 

Supplementary figure 2- Genomic content captured from single-nucleus RNA and 

multiome experiments were quality controlled before proceeding to sequencing.  

A) Sample trace from two full length cDNA libraries generated from in-GEM reverse 

transcription after PCR amplification. Only libraries with the expected size profiles were passed 

on to sequencing library generation steps. 

B) Sample sequencing ready library electropherograms. Ready for sequencing short read 

libraries were made by fragmentation and Illumina adaptor ligation. Size distribution and yield 

of the libraries were measured before submission for sequencing. 

C) Multiome captures (3’ gene expression and ATAC) sequencing ready libraries 

electropherogram showing acceptable quality of  samples for sequencing.  
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Post-alignment quality controls 
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Supplementary figure 3- Quality control and general assessment of all ~64k single-

nucleus 3’ transcriptome captures.  

A) Histogram showing the distribution of RNA counts (UMIs) in all 63931 nuclei captured 

through 8 different experiments that were cell called.  

B) Distribution of count of unique genes (features) in each nucleus in the raw integrated dataset.  

C) Correlation between the number of genes (features) and number of RNAs (UMI count) per 

nucleus.  

D) Distribution of total RNAs belonging to similar genes in the combine population of nuclei.  

E) Prevalence of nuclei based on RNA counts per nucleus sorted from the least to the most. 

Nuclei with RNA counts less than 1000 were excluded from downstream analyses. 

F) Prevalence of nuclei based on gene count per nucleus sorted from the least to the most. 

Nuclei with feature counts of more than 4000 were excluded from downstream analyses. 
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Integration quality control 
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Supplementary figure 4- Batch effect correction verification for integrated data.  

A) Initial automatic clustering performed on integrated data from 8 separate capture 

experiments resulted in suggestion of 21 clusters. In order to verify proper removal of batch 

effects (experiment-specific biases introduced as clustering criteria) this initial clustering is 

demonstrated. Some of these clusters were combined together based on their marker gene 

expressions in order to group the nuclei into the 10 biologically relevant clusters presented in 

Figure 1. 

B) UMAP projection of the integrated dataset drawn with color depicting capture experiments. 

C) Similar data as shown in B with each experiment visualized separately. Although the number 

of captured nuclei are different from each experiment, all experiments contribute to all clusters. 

D) Feature plot showing the distribution of nuclei with high number of unique genes (features) 

detected on the same UMAP as previous panels. Although nuclei have diverse amounts of 

features, clusters are not formed solely based on feature counts. 

E) Feature plot showing the total number of unique RNA (UMI counts) overlapped on the similar 

UMAP as previous panel. Similar to D, RNA counts per cells are diverse, yet original clusters are 

not formed by a significant bias of this measure. 
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Experiments summary 

Supplementary table 1– Detailed statistics on human DRG capture experiments.  

Details of each experiment. Capture: each experiment (column on 10x genomics chip) with data 

used for this manuscript. Type: 10x Genomics capture experiment type. Subject: de-identified 

donor codes. Sequencing depth: target sequencing reads. Target Nuclei: originally calculated 

number of nuclei expected to be captured based on the QC before loading each sample. 

Detected Nuclei: number of “cells” called by CellRanger or CellRanger-arc algorithms. Analyzed 

Nuclei: number of nuclei that passed quality control and were included in the clustering 

experiments.  
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24A-GEX 3’ F-820 F 68 450M 4278 3968 3012 

24B-GEX 3’ F-820 F 68 450M 5086 3848 3060 

31B-GEX 3’ F-1120 F 78 450M 9940 2359 1025 

31D-GEX 3’ F-1120 F 78 200M 9950 2279 781 

71A-GEX 3’ M-521 M 35 450M 10101 18010 15501 

71B-GEX 3’ M-521 M 35 450M 10010 16414 10982 

71Am-GEX Multiome M-521 M 35 450M 5600 11664 7864 

71Am-ATAC Multiome M-521 M 35 900M 5600 9337 7904 

71Bm-GEX Multiome M-521 M 35 450M 2900 5389 3854 

71Bm-ATAC Multiome M-521 M 35 900M 2900 2959 2550 
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Whole DRG (all nuclei) supplementary information 
Top highly expressed genes in each cluster 
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Supplementary figure 5- Differentially expressed genes in different clusters of nuclei 

from human dorsal root ganglia - related to figure 1.  

A to H) Dot plots of top 20 differentially expressed genes from 8 different clusters of nuclei (in 

addition to the 2 clusters shown in figure 1). 

  



 

C h a p t e r  3 :  M a n u s c r i p t  2 ;  I n  p r e p a r a t i o n  | 165 
 

Differentially expressed marker genes examples for each cluster 

 



 

166 | C h a p t e r  3 :  M a n u s c r i p t  2 ;  I n  p r e p a r a t i o n  
 

Supplementary figure 6- Distribution of differentially expressed marker genes from 

each cluster of nuclei from human DRG - related to figure 1.  

A to J) Feature plots showing the expression distribution of known marker genes for each of the 

10 general clusters of cell type. 
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Single nucleus multiome captures (RNA plus ATAC) 

Open chromatin region linkage 

 

Supplementary figure 7- Open chromatin region link to gene expression – feasibility 

stage (current sample size too small).  

Example of an enriched accessible chromatin region among neuronal nuclei (compared to those 

of macrophages and T cells) and its negative links detected to genes nearby. 
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Subclustering using combined GEX and ATAC information 
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Supplementary figure 8- Combined gene expression and open chromatin information 

can result in more reliable clustering – feasibility stage (current sample size too small).  

A) Expression levels of SNAP25 (a neuronal marker gene) in the 270 neurons detected based on 

gene expression clustering (Figure 3). Further clustering of these nuclei were performed based 

on their ATAC profiles (K=5).  

B to M) Violin plots of selected biologically relevant gene expressions showing possible 

subclustering of neuronal nuclei.  
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Chapter 4: General Discussion & Conclusion 

   General Discussion & Conclusion 
 

 

In this chapter I will broadly discuss the general results (for both Chapters 2 and 3) with 

regards to arguments provided for the rationale of this dissertation - presented in the general 

introduction (Chapter 1). I will also introduce some of the limitations in sensory research 

(including mine), lay down some opinions regarding sensory coding theories (including concepts 

specific to itch and pain), and discuss some future directions for the field (and in continuation of 

my projects). 

Detailed discussions regarding specific findings and results presented for specific objectives of 

the thesis are included within each data chapter. 
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Summary 

As mentioned in the introduction, the first objective for this dissertation was set to be a 

proof of multimodality at the level of primary afferents. In Chapter 2, I showed that the 

MrgprA3-expressing primary afferents are sufficient for transmitting both pain and itch based 

on their activation mode. The results in this chapter also showed that these afferents 

contribute to both of these sensations transduction in naïve conditions, and that for itch 

signaling, but not pain, TRP channels are recruited by these neurons. While the importance of 

behavioral assay precisions is emphasized, technical limitations are brought forward as the 

probable cause of oversight in previous studies. 

The second objective for this thesis was the construction of an atlas for documenting cellular 

heterogeneities in the primary sensory ganglia. To initiate this comprehensive resource, in 

Chapter 3 of the current dissertation, I provided a detailed report of how we are building a 

multi-modal database. Thorough quality control and meticulous optimization of methods 

detailed in this chapter ensure highly reliable data production. Combining transcriptomic and 

epigenomic information at the single-cell level, this one-of-a-kind resource is providing details 

about the molecular repertoire of neuronal and non-neuronal cells of human dorsal root 

ganglia.  
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Limitations 

Sensory research is a unique field of study as the parameter under investigation can 

only be measured indirectly through secondary outcomes. Whether it be in humans or animal 

models, sensations are either measured through the subjective lens of the participant or 

through interpolation of behavioral reflexes. This has imposed limitations on the research, and 

knowledge derived from such research, that need to be carefully considered. Here I will 

mention some of these limitations that I believe have had direct impacts on sensory 

transduction theories. I will also discuss how in the research performed for this thesis I tried to 

address some of these limitations. Finally, I will describe some of the specific limitations that 

are required to be considered when interpreting the results presented here. 

As mentioned above, sensory research is specifically prone to limitations of measurement tools. 

Some of these susceptibilities that concern the pain studies related to this work, can stem from 

low sensitivity (true positive rate) and high specificity (true negative rate) of the assays used for 

detection and measurement. Animal behavioral assays are generally developed by the 

following principals: Experimental stimulation (ε) produces signal (σ) which leads to response 

(ρ). As most of these assays are validated with the aim of investigating effectiveness of 

intervention/treatment (θ), in order to reduce ambiguity of the readouts, in many instances 

extreme reflexes ρ and intense stimuli ε are used. This results in highly specific assays. For 

example, we can claim with high confidence that rats bearing four constrictive stiches around 

their sciatic nerves (classic chronic constriction injury - CCI) are experiencing neuropathic pain 

(Gopalsamy et al., 2019; Wang et al., 2021), or that use of radiant heat on paw or tail of mice 
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until withdrawal is a measurement of pain (Hargreaves et al., 1988). Yet the sensitivity of such 

models to partial modification by interventions (θ) is low. In the previous examples this would 

translate into the CCI model of sever neuropathic pain not detecting the therapeutic value of 

mild treatments challenging the accuracy and clinical translatability of preclinical studies (Mogil, 

2009; Sadler et al., 2021). Similarly, due to the high intensity of ε in the Hargreaves thermal 

assay, ablation of a small subpopulation of primary afferents as an intervention (θ) may be too 

subtle to reduce the response ρ and lead to declaring this population dispensable for pain (Han 

et al., 2013; Roberson et al., 2013). In results discussed in chapter 2, we showed that 

considering these limitations and choosing appropriately tuned assays can unravel effects 

previously declared absent. 

Technical limitations specific to the utilized tools might be another cause for misinterpretations 

in previous research disputing multimodality. Novel genetic engineering technologies such as 

optogenetics or chemogenetics, and recombination-based transgenic approaches all have their 

limitations that need to be considered when experiments are designed and/or interpreted. For 

instance, the use of optogenetics as a way of activating neurons can give a unique opportunity 

for controlled action-potential (AP) generation studies which can prove the possibility of 

response generation. Nevertheless, as AP fidelity to light pulses is not flawless and cells are not 

necessarily excited in every aspect through optogenetics (e.g. possible differences in calcium 

responses and firing adaptation), the absence of certain responses post-optogenetic activation 

of a population cannot be interpreted as absence of involvement of the population for that 

response. Similarly, this can be true for chemogenetic approaches when metabotropic 

excitation of a population is just not sufficient for generation of some behavioral response 
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despite significantly contributing in facilitation or sensitization. To address such limitations, in 

our work described in Chapter 2 we took a wholesome approach that included specific 

controlled experiments for proofs of concept, combined with more general experiments for 

validation. For example, when controlled and specific activation of MrgprA3-expressing fibers in 

the cheek resulted in nociceptive behavior response, to rule out “unnatural” optogenetic 

excitation causing unusual paresthetic sensations, we followed the study by analgesic 

intervention in the hindpaw. Similarly, the chemogenetic activation of these fibers in cheek 

showed the possibility of pruriceptive behavior induction and we still followed this expected 

result with antipruriceptive interventions on the nape of the neck. In this approach, limitations 

of one technique or experiment are complemented by another orthogonal experiment pointing 

to similar results. 

A similar mitigation approach ensuring complementary validation of experimental results can 

be taken in single-nucleus sequencing studies. In studies performed for Chapter 3, as capture 

efficiency of droplet-based single-cell techniques are not perfect and the complexity of libraries 

from such experiments is not on par with the complexities of cells such as neurons, we 

complemented these data with ATAC sequencing. This can enrich the data and mitigate some of 

the limitations in RNA representation at the level of individual nuclei. Furthermore, whole-

tissue and whole-nuclei sample sequencings performed by long-read nanopore sequencers are 

also attempts to addressing such limitations. 

Notwithstanding, the presented work still contain limitations that need to be considered when 

interpreting and more specifically generalizing the results. Although presented as examples 

with the expectation of generalizability, it is necessary to remember that the data in this 
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dissertation is limited to the experimental paradigms used: itch and pain were picked as model 

modalities, and mouse was used as model organism in chapter 2, while human lumbar DRGs 

was used as model primary sensory ganglia. Generalization of such results to other models 

should be considered with caution.  
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Prospects 

In this section I will briefly propose some ideas that I believe can open new horizons in 

somatosensory research. I will introduce some frameworks borrowed from great works 

published in other fields of neuroscience and sensory biology about signal contents of activated 

neurons. Then I will discuss some evolutionary perspective on how itch and pain might be 

different in their transduction strategies and noise handling. I will then comment on how 

“sensory coding” may not be the best way for theorizing sensations. Finally, I will discuss some 

ideas about the flexibility and adaptation of the primary afferents and their signaling 

properties. I believe considering these points can bring novel ideas to the field of 

somatosensory biology, and pain research in particular. 

Information content of neuronal signals and how other properties than firing rates, time of 

individual spikes may carry information were discussed in chapter 1. In fact, it is common belief 

now that digital all-or-nothing action potentials and their timing are the only information 

transferred through neuronal axons. Yet not long ago in the 2000s, there has been studies 

showing that neurons are capable of simultaneously transmitting analog signals through their 

axons while transferring action potentials (Alle and Geiger, 2006). The information embedded 

in subthreshold depolarizations carried through myelinated axons has been shown to modify 

the signals transmitted to post synaptic neurons by mechanisms such as facilitation of 

transmitter/modulator release (Shu et al., 2006). As these studies showed transmission of these 

analog signals hundreds of microns down the axons, in the case of primary somatosensory 

afferents, it is unlikely that soma-initiated presynaptic depolarizations would reach central axon 
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terminals but presynaptic axo-axonic connections may provide such facilitations (Ango et al., 

2021; Cuello, 1983). Furthermore, it is suggested in the auditory cortex that the analog shape of 

action potentials can also be transmitted through primary sensory afferents, proposing another 

possible way to enrich the information content of afferents (Liu et al., 2021). 

A key point about how pain and itch are differentially coded in vertebrates, could be found in 

their evolutionary value for survival. It is important to keep in mind that pain is the signal for 

damage or potential damage which generally leads to preventive or mitigating behaviors such 

as withdrawal, guarding, or rest. These behaviors can incur a toll on the organism energetically 

or in term of safety, so it is critically important that such decisions are not made by mistake. In 

other words, false positive detection of pain is costly and it is intuitive that the system evolves 

around lowering type I errors. In population coding schemes, this could be achieved by 

population voting, where activation of single or few primary afferents would be rejected as 

noise and only when a large enough population of afferents are activated (or smaller numbers 

are activated for long enough amount of time). Itch on the other hand, is the signal for irritants 

and insects that are supposed to be removed by a basic motor behavior, scratching. As this 

behavior is not as costly, and as the stimuli are generally small and hard to detect, it is intuitive 

that detection parameters for this sensation would be tuned for reduced type II errors. That is, 

false positives are more common for itch as paying the cost of falsely scratching an area is 

preferred to missing the removal of an infection-threatening insect. Hence, single, or relatively 

sparse, primary afferent activations might be sufficient for evoking itch sensation. Considering 

these differences in a noisy system like the peripheral nervous system can shine light on 

different aspects of these sensations and their coding conundrum. 
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When theorizing how sensations are perceived by the nervous system, as described in the 

introduction of this dissertation, “sensory coding” is the most commonly used term. “Coding” 

implies existence of “decoding” and also hints that decision making responsibilities are 

endowed to “decoders”. Furthermore, modeling the system in such hierarchical manner 

requires central processing loci that would at some level differentiate modalities and initiate 

responses. As there is no evidence of such modality specific loci throughout the somatosensory 

system and there are extensive arguments about decentralized processing in the nervous 

system (Kryklywy et al., 2020; Manrique et al., 2019; Zhang et al., 2016b), there are suggestions 

that instead of “encoding-decoding” frameworks, we could use “transformation” as a concept 

(Halpern, 2000). Such approach, to my belief, can change the way many questions are currently 

framed in the field of somatosensory biology and consolidate data from various schools of 

thought. 

Finally, I would like to bring forward once more the wealth of studies that have shown for many 

years that the peripheral somatosensory system, like most other parts of the nervous system, is 

a dynamic and flexible system. The fact that neuronal activity can change the epigenomic and 

transcriptomic landscape of neurons (Lee and Fields, 2021; Su et al., 2017), added to the fact 

that changes in surface expression of transducing proteins can change the excitability and 

signaling properties of these cells (Geppetti et al., 2015; Senba and Kashiba, 1996; Waxman, 

2000), shows that they cannot be understood by single snapshot “omics” experiments. 

Understanding their flexibility and the changes that the primary sensory afferents can go 

through can be critical in understanding their function in health and disease. 
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Complementary research 

Among the future direction ideas that would complement what I have presented here, 

we will not forget the expansion of the approaches to disease conditions. In both results 

chapters of this dissertation (Chapter 2 and 3), our work was focused on healthy conditions yet 

studies can be performed in pathological states. 

In continuation of Chapter 2, changes of sensory discrimination signaling in dysesthesia can be 

investigated. As described in Chapter 1 (section: Pain and itch), for both pain and itch, there are 

experimental conditions where the sensory modalities are misperceived. Targeting single 

populations of neurons using similar transgenic approaches used in Chapter 2, mechanisms of 

dysesthesia can be investigated. Moreover, in combination with microneurography, these 

approaches can provide the opportunity of recording the signals generated by these fibers after 

activation by optogenetic or chemogenetic actuators in health and diseased states. 

In continuation of Chapter 3, changes in the transcriptomic and epigenomic repertoire of cells 

from the DRG in patients who were suffering from chronic pain conditions can be studied 

through similar single-nucleus experiments. The profile changes discovered in such studies can 

uncover pathological pathways that are recruited in chronic pain conditions, with the potential 

of identifying novel therapeutic targets. 
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Conclusion 

 In conclusion, I hope that this dissertation can provide some evidence that the primary 

sensory system is a complex and dynamic component of mammalian nervous system that 

serves as more than just a carrier of signals. Heterogeneous cell populations in the primary 

somatosensory system contribute in various ways to how the world is represented and 

integrated by the living organism. Playing multiple functional roles depending on what is 

presented to them from external or internal stimuli, these diverse cells can form how the 

nervous system perceives the constant flow of sensory information presented to it. Modulation 

of these roles or the way these stimuli are transformed in the nervous system can maintain 

health or cause disease. As some the most burdensome conditions that patients can 

experience, sensory complications such as chronic pain and itch require better understanding 

of somatosensation. Hence every step towards understanding the physiology of peripheral 

somatosensory neurons and their cellular environment, their diverse cellular functionalities, 

their heterogeneous nature, or their modulatory capacities, is a positive step towards 

improving the quality of life of millions of patients around the world. I hope that this 

dissertation is a valuable contribution. 

  



 

R e f e r e n c e s  | 181 
 

References 

Including references from Chapters 2 and 3. 

10XGENOMICS (2019). CHROMIUM' '    NEXT GEM     SINGLE CELL 3  ʹ     REAGENT KITS V3.1 . REV D. 

10XGENOMICS (2021A). NUCLEI ISOLATION FROM COMPLEX TISSUES FOR' '  SINGLE CELL MULTIOME ATAC + GENE 

EXPRESSION SEQUENCING. 

10XGENOMICS (2021B). CHROMIUM NEXT GEM SINGLE CELL MULTIOME ATAC + GENE EXPRESSION. 

CG000338. 

ABRAHAM, N.G., AND DRUMMOND, G. (2006). CD163-MEDIATED HEMOGLOBIN-HEME UPTAKE ACTIVATES 

MACROPHAGE HO-1, PROVIDING AN ANTIINFLAMMATORY FUNCTION. CIRC. RES. 99, 911–914. 

AKIYAMA, T., TOMINAGA, M., DAVOODI, A., NAGAMINE, M., BLANSIT, K., HORWITZ, A., CARSTENS, M.I., AND 

CARSTENS, E. (2012). CROSS-SENSITIZATION OF HISTAMINE-INDEPENDENT ITCH IN MOUSE PRIMARY 

SENSORY NEURONS. NEUROSCIENCE 226, 305–312. 

AKIYAMA, T., NAGAMINE, M., CARSTENS, M.I., AND CARSTENS, E. (2014). BEHAVIORAL MODEL OF ITCH, 

ALLOKNESIS, PAIN AND ALLODYNIA IN THE LOWER HINDLIMB AND CORRELATIVE RESPONSES OF LUMBAR 

DORSAL HORN NEURONS IN THE MOUSE. NEUROSCIENCE 266, 38–46. 

ALBISETTI, G.W., PAGANI, M., PLATONOVA, E., HÖSLI, L., JOHANNSSEN, H.C., FRITSCHY, J.-M., WILDNER, H., AND 

ZEILHOFER, H.U. (2019). DORSAL HORN GASTRIN-RELEASING PEPTIDE EXPRESSING NEURONS TRANSMIT 

SPINAL ITCH BUT NOT PAIN SIGNALS. J. NEUROSCI. 39, 2238–2250. 

ALLE, H., AND GEIGER, J.R.P. (2006). COMBINED ANALOG AND ACTION POTENTIAL CODING IN HIPPOCAMPAL MOSSY 

FIBERS. SCIENCE 311, 1290–1293. 

AMIR, R., AND DEVOR, M. (1996). CHEMICALLY MEDIATED CROSS-EXCITATION IN RAT DORSAL ROOT GANGLIA. J. 

NEUROSCI. 16, 4733–4741. 

ANGO, F., GALLO, N.B., AND VAN AELST, L. (2021). MOLECULAR MECHANISMS OF AXO-AXONIC INNERVATION. 

CURR. OPIN. NEUROBIOL. 69, 105–112. 



 

182 | R e f e r e n c e s  
 

AZARFAR, A., CALCINI, N., HUANG, C., ZELDENRUST, F., AND CELIKEL, T. (2018). NEURAL CODING: A SINGLE 

NEURON’S PERSPECTIVE. NEUROSCI. BIOBEHAV. REV. 94, 238–247. 

BARON, R., SCHWARZ, K., KLEINERT, A., SCHATTSCHNEIDER, J., AND WASNER, G. (2001). HISTAMINE-INDUCED 

ITCH CONVERTS INTO PAIN IN NEUROPATHIC HYPERALGESIA. NEUROREPORT 12, 3475–3478. 

BAUTISTA, D.M., WILSON, S.R., AND HOON, M.A. (2014). WHY WE SCRATCH AN ITCH: THE MOLECULES, CELLS AND 

CIRCUITS OF ITCH. NAT. NEUROSCI. 17, 175–182. 

BEITEL, R.E., AND DUBNER, R. (1976). RESPONSE OF UNMYELINATED (C) POLYMODAL NOCICEPTORS TO THERMAL 

STIMULI APPLIED TO MONKEY’S FACE. J. NEUROPHYSIOL. 39, 1160–1175. 

BISHOP, G.H. (1959). THE RELATION BETWEEN NERVE FIBER SIZE AND SENSORY MODALITY. J. NERV. MENT. DIS. 

128, 89–114. 

BLAND-WARD, P.A., AND HUMPHREY, P.P. (1997). ACUTE NOCICEPTION MEDIATED BY HINDPAW P2X RECEPTOR 

ACTIVATION IN THE RAT. BR. J. PHARMACOL. 122, 365–371. 

BOUROJENI, F.B. (2020). DEVELOPMENT AND INTERACTIVE CONTRIBUTION OFANTEROLATERAL 

SYSTEM NEURONS TO NOCICEPTION. DOCTORAL DISSERTATION. MCGILL NEUROSCIENCE. 

BRULL, S.J., ATANASSOFF, P.G., SILVERMAN, D.G., ZHANG, J., AND LAMOTTE, R.H. (1999). ATTENUATION OF 

EXPERIMENTAL PRURITUS AND MECHANICALLY EVOKED DYSESTHESIAE IN AN AREA OF CUTANEOUS ALLODYNIA. 

SOMATOSENS MOT RES 16, 299–303. 

BUENROSTRO, J.D., GIRESI, P.G., ZABA, L.C., CHANG, H.Y., AND GREENLEAF, W.J. (2013). TRANSPOSITION OF 

NATIVE CHROMATIN FOR FAST AND SENSITIVE EPIGENOMIC PROFILING OF OPEN CHROMATIN, DNA-BINDING 

PROTEINS AND NUCLEOSOME POSITION. NAT. METHODS 10, 1213–1218. 

BURGESS, P.R., AND PERL, E.R. (1967). MYELINATED AFFERENT FIBRES RESPONDING SPECIFICALLY TO NOXIOUS 

STIMULATION OF THE SKIN. J. PHYSIOL. (LOND.) 190, 541–562. 

CAMPBELL, B. (1946). MORPHOLOGY AND CONDUCTION OF BIPOLAR DORSAL ROOT GANGLION CELLS OF SELACHIAN 

FISHES. J. NEUROPHYSIOL. 9, 173–179. 



 

R e f e r e n c e s  | 183 
 

CARR, P.A., AND NAGY, J.I. (1993). EMERGING RELATIONSHIPS BETWEEN CYTOCHEMICAL PROPERTIES AND SENSORY 

MODALITY TRANSMISSION IN PRIMARY SENSORY NEURONS. BRAIN RES. BULL. 30, 209–219. 

CEVIKBAS, F., WANG, X., AKIYAMA, T., KEMPKES, C., SAVINKO, T., ANTAL, A., KUKOVA, G., BUHL, T., IKOMA, A., 

BUDDENKOTTE, J., ET AL. (2014). A SENSORY NEURON-EXPRESSED IL-31 RECEPTOR MEDIATES T HELPER 

CELL-DEPENDENT ITCH: INVOLVEMENT OF TRPV1 AND TRPA1. J. ALLERGY CLIN. IMMUNOL. 133, 448–

460. 

CHAKRABORTY, R., SADDOUK, F.Z., CARRAO, A.C., KRAUSE, D.S., GREIF, D.M., AND MARTIN, K.A. (2019). 

PROMOTERS TO STUDY VASCULAR SMOOTH MUSCLE. ARTERIOSCLER. THROMB. VASC. BIOL. 39, 603–612. 

CHEN, C.-Y.A., EZZEDDINE, N., AND SHYU, A.-B. (2008). MESSENGER RNA HALF-LIFE MEASUREMENTS IN 

MAMMALIAN CELLS. METH. ENZYMOL. 448, 335–357. 

CHISHOLM, K.I., KHOVANOV, N., LOPES, D.M., LA RUSSA, F., AND MCMAHON, S.B. (2018). LARGE SCALE IN VIVO 

RECORDING OF SENSORY NEURON ACTIVITY WITH GCAMP6. ENEURO 5. 

CLARK, S.L. (1926). NISSL GRANULES OF PRIMARY AFFERENT NEURONES. J. COMP. NEUROL. 41, 423–451. 

COBOS, E.J., NICKERSON, C.A., GAO, F., CHANDRAN, V., BRAVO-CAPARRÓS, I., GONZÁLEZ-CANO, R., RIVA, P., 

ANDREWS, N.A., LATREMOLIERE, A., SEEHUS, C.R., ET AL. (2018). MECHANISTIC DIFFERENCES IN 

NEUROPATHIC PAIN MODALITIES REVEALED BY CORRELATING BEHAVIOR WITH GLOBAL EXPRESSION 

PROFILING. CELL REP. 22, 1301–1312. 

CUELLO, A.C. (1983). NONCLASSICAL NEURONAL COMMUNICATIONS. FED PROC 42, 2912–2922. 

DADWAL, N., MIX, C., REINHOLD, A., WITTE, A., FREUND, C., SCHRAVEN, B., AND KLICHE, S. (2021). THE 

MULTIPLE ROLES OF THE CYTOSOLIC ADAPTER PROTEINS ADAP, SKAP1 AND SKAP2 FOR TCR/CD3 -

MEDIATED SIGNALING EVENTS. FRONT. IMMUNOL. 12, 703534. 

DAOU, I., TUTTLE, A.H., LONGO, G., WIESKOPF, J.S., BONIN, R.P., ASE, A.R., WOOD, J.N., DE KONINCK, Y., 

RIBEIRO-DA-SILVA, A., MOGIL, J.S., ET AL. (2013). REMOTE OPTOGENETIC ACTIVATION AND SENSITIZATION 

OF PAIN PATHWAYS IN FREELY MOVING MICE. J. NEUROSCI. 33, 18631–18640. 

DAVIDSON, S., AND GIESLER, G.J. (2010). THE MULTIPLE PATHWAYS FOR ITCH AND THEIR INTERACTIONS WITH PAIN. 

TRENDS NEUROSCI. 33, 550–558. 



 

184 | R e f e r e n c e s  
 

DAWSON, G.D. (1956). THE RELATIVE EXCITABILITY AND CONDUCTION VELOCITY OF SENSORY AND MOTOR NERVE 

FIBRES IN MAN. J. PHYSIOL. (LOND.) 131, 436–451. 

DEVOR, M. (1999). UNEXPLAINED PECULIARITIES OF THE DORSAL ROOT GANGLION. PAIN SUPPL 6, S27–S35. 

DJOUHRI, L., AND LAWSON, S.N. (2004). ABETA-FIBER NOCICEPTIVE PRIMARY AFFERENT NEURONS: A REVIEW OF 

INCIDENCE AND PROPERTIES IN RELATION TO OTHER AFFERENT A-FIBER NEURONS IN MAMMALS. BRAIN RES 

BRAIN RES REV 46, 131–145. 

DONG, X., AND DONG, X. (2018). PERIPHERAL AND CENTRAL MECHANISMS OF ITCH. NEURON 98, 482–494. 

DONG, X., HAN, S., ZYLKA, M.J., SIMON, M.I., AND ANDERSON, D.J. (2001). A DIVERSE FAMILY OF GPCRS 

EXPRESSED IN SPECIFIC SUBSETS OF NOCICEPTIVE SENSORY NEURONS. CELL 106, 619–632. 

DROKHLYANSKY, E., SMILLIE, C.S., VAN WITTENBERGHE, N., ERICSSON, M., GRIFFIN, G.K., ERASLAN, G., DIONNE, 

D., CUOCO, M.S., GODER-REISER, M.N., SHAROVA, T., ET AL. (2020). THE HUMAN AND MOUSE ENTERIC 

NERVOUS SYSTEM AT SINGLE-CELL RESOLUTION. CELL 182, 1606–1622.E23. 

DYMECKI, S.M., NIEDERHUBER, J.E., AND DESIDERIO, S.V. (1990). SPECIFIC EXPRESSION OF A TYROSINE KINASE 

GENE, BLK, IN B LYMPHOID CELLS. SCIENCE 247, 332–336. 

ECCLES, J.C. (1964). THE CONTROLS OF SENSORY COMMUNICATION TO THE BRAIN. AUSTRALAS ANN MED 13, 102–

113. 

EMERY, E.C., LUIZ, A.P., SIKANDAR, S., MAGNÚSDÓTTIR, R., DONG, X., AND WOOD, J.N. (2016). IN VIVO 

CHARACTERIZATION OF DISTINCT MODALITY-SPECIFIC SUBSETS OF SOMATOSENSORY NEURONS USING 

GCAMP. SCI. ADV. 2, E1600990. 

ERASLAN, G., SIMON, L.M., MIRCEA, M., MUELLER, N.S., AND THEIS, F.J. (2019). SINGLE-CELL RNA-SEQ 

DENOISING USING A DEEP COUNT AUTOENCODER. NAT. COMMUN. 10, 390. 

ESPOSITO, M.F., MALAYIL, R., HANES, M., AND DEER, T. (2019). UNIQUE CHARACTERISTICS OF THE DORSAL ROOT 

GANGLION AS A TARGET FOR NEUROMODULATION. PAIN MED. 20, S23–S30. 

FARDO, F., BECK, B., ALLEN, M., AND FINNERUP, N.B. (2020). BEYOND LABELED LINES: A POPULATION CODING 

ACCOUNT OF THE THERMAL GRILL ILLUSION. NEUROSCI. BIOBEHAV. REV. 108, 472–479. 



 

R e f e r e n c e s  | 185 
 

FELDMAN-GORIACHNIK, R., AND HANANI, M. (2021). HOW DO NEURONS IN SENSORY GANGLIA COMMUNICATE 

WITH SATELLITE GLIAL CELLS? BRAIN RES. 1760, 147384. 

FENG, J., YANG, P., MACK, M.R., DRYN, D., LUO, J., GONG, X., LIU, S., OETJEN, L.K., ZHOLOS, A.V., MEI, Z., ET 

AL. (2017). SENSORY TRP CHANNELS CONTRIBUTE DIFFERENTIALLY TO SKIN INFLAMMATION AND PERSISTENT 

ITCH. NAT. COMMUN. 8, 980. 

FISHMAN, S.M. (2007). RECOGNIZING PAIN MANAGEMENT AS A HUMAN RIGHT: A FIRST STEP. ANESTH. ANALG. 105, 

8–9. 

FOERSTER, O. (1933). THE DERMATOMES IN MAN. BRAIN 56, 1–39. 

FOLLMANN, R., GOLDSMITH, C.J., AND STEIN, W. (2018). MULTIMODAL SENSORY INFORMATION IS REPRESENTED 

BY A COMBINATORIAL CODE IN A SENSORIMOTOR SYSTEM. PLOS BIOL. 16, E2004527. 

FORSTER, C., AND HANDWERKER, H.O. (2014). CENTRAL NERVOUS PROCESSING OF ITCH AND PAIN. IN ITCH: 

MECHANISMS AND TREATMENT, E. CARSTENS, AND T. AKIYAMA, EDS. (BOCA RATON (FL): CRC 

PRESS/TAYLOR & FRANCIS),. 

FRANZÉN, O., GAN, L.-M., AND BJÖRKEGREN, J.L.M. (2019). PANGLAODB: A WEB SERVER FOR EXPLORATION OF 

MOUSE AND HUMAN SINGLE-CELL RNA SEQUENCING DATA. DATABASE (OXFORD) 2019. 

FUKADA, S., UEZUMI, A., IKEMOTO, M., MASUDA, S., SEGAWA, M., TANIMURA, N., YAMAMOTO, H., MIYAGOE-

SUZUKI, Y., AND TAKEDA, S. (2007). MOLECULAR SIGNATURE OF QUIESCENT SATELLITE CELLS IN ADULT 

SKELETAL MUSCLE. STEM CELLS 25, 2448–2459. 

GASSER, H.S. (1950). UNMEDULLATED FIBERS ORIGINATING IN DORSAL ROOT GANGLIA. J. GEN. PHYSIOL. 33, 651–

690. 

GASSER, H.S., AND ERLANGER, J. (1927). THE RÔLE PLAYED BY THE SIZES OF THE CONSTITUENT FIBERS OF A NERVE 

TRUNK IN DETERMINING THE FORM OF ITS ACTION POTENTIAL WAVE. AMERICAN JOURNAL OF PHYSIOLOGY-

LEGACY CONTENT 80, 522–547. 

GATTO, G., SMITH, K.M., ROSS, S.E., AND GOULDING, M. (2019). NEURONAL DIVERSITY IN THE SOMATOSENSORY 

SYSTEM: BRIDGING THE GAP BETWEEN CELL TYPE AND FUNCTION. CURR. OPIN. NEUROBIOL. 56, 167–174. 



 

186 | R e f e r e n c e s  
 

GEORGOPOULOS, A.P., KETTNER, R.E., AND SCHWARTZ, A.B. (1988). PRIMATE MOTOR CORTEX AND FREE ARM 

MOVEMENTS TO VISUAL TARGETS IN THREE-DIMENSIONAL SPACE. II. CODING OF THE DIRECTION OF 

MOVEMENT BY A NEURONAL POPULATION. J. NEUROSCI. 8, 2928–2937. 

GEPPETTI, P., VELDHUIS, N.A., LIEU, T., AND BUNNETT, N.W. (2015). G PROTEIN-COUPLED RECEPTORS: DYNAMIC 

MACHINES FOR SIGNALING PAIN AND ITCH. NEURON 88, 635–649. 

GJORGJIEVA, J., MEISTER, M., AND SOMPOLINSKY, H. (2019). FUNCTIONAL DIVERSITY AMONG SENSORY NEURONS 

FROM EFFICIENT CODING PRINCIPLES. PLOS COMPUT. BIOL. 15, E1007476. 

GOLDMAN, L., AND ALBUS, J.S. (1968). COMPUTATION OF IMPULSE CONDUCTION IN MYELINATED FIBERS; 

THEORETICAL BASIS OF THE VELOCITY-DIAMETER RELATION. BIOPHYS. J. 8, 596–607. 

GOPALSAMY, B., SAMBASEVAM, Y., ZULAZMI, N.A., CHIA, J.S.M., OMAR FAROUK, A.A., SULAIMAN, M.R., 

TENGKU MOHAMAD, T.A.S., AND PERIMAL, E.K. (2019). EXPERIMENTAL CHARACTERIZATION OF THE 

CHRONIC CONSTRICTION INJURY-INDUCED NEUROPATHIC PAIN MODEL IN MICE. NEUROCHEM. RES. 44, 

2123–2138. 

GREEN, D., AND DONG, X. (2016). THE CELL BIOLOGY OF ACUTE ITCH. J. CELL BIOL. 213, 155–161. 

GREEN, A.D., YOUNG, K.K., LEHTO, S.G., SMITH, S.B., AND MOGIL, J.S. (2006). INFLUENCE OF GENOTYPE, DOSE 

AND SEX ON PRURITOGEN-INDUCED SCRATCHING BEHAVIOR IN THE MOUSE. PAIN 124, 50–58. 

GREGUS, A.M., LEVINE, I.S., EDDINGER, K.A., YAKSH, T.L., AND BUCZYNSKI, M.W. (2021). SEX DIFFERENCES IN 

NEUROIMMUNE AND GLIAL MECHANISMS OF PAIN. PAIN 162, 2186–2200. 

HABERBERGER, R.V., BARRY, C., DOMINGUEZ, N., AND MATUSICA, D. (2019). HUMAN DORSAL ROOT GANGLIA. 

FRONT. CELL NEUROSCI. 13, 271. 

HALPERN, B.P. (2000). SENSORY CODING, DECODING, AND REPRESENTATIONS. UNNECESSARY AND TROUBLESOME 

CONSTRUCTS? PHYSIOL. BEHAV. 69, 115–118. 

HAN, L., AND DONG, X. (2014). ITCH MECHANISMS AND CIRCUITS. ANNU. REV. BIOPHYS. 43, 331–355. 

HAN, S.-K., AND SIMON, M.I. (2011). INTRACELLULAR SIGNALING AND THE ORIGINS OF THE SENSATIONS OF ITCH 

AND PAIN. SCI. SIGNAL. 4, PE38. 



 

R e f e r e n c e s  | 187 
 

HAN, L., MA, C., LIU, Q., WENG, H.-J., CUI, Y., TANG, Z., KIM, Y., NIE, H., QU, L., PATEL, K.N., ET AL. (2013). 

A SUBPOPULATION OF NOCICEPTORS SPECIFICALLY LINKED TO ITCH. NAT. NEUROSCI. 16, 174–182. 

HANANI, M. (2005). SATELLITE GLIAL CELLS IN SENSORY GANGLIA: FROM FORM TO FUNCTION. BRAIN RES BRAIN RES 

REV 48, 457–476. 

HANANI, M., AND SPRAY, D.C. (2020). EMERGING IMPORTANCE OF SATELLITE GLIA IN NERVOUS SYSTEM FUNCTION 

AND DYSFUNCTION. NAT. REV. NEUROSCI. 21, 485–498. 

HAO, Y., HAO, S., ANDERSEN-NISSEN, E., MAUCK, W.M., ZHENG, S., BUTLER, A., LEE, M.J., WILK, A.J., DARBY, 

C., ZAGER, M., ET AL. (2021). INTEGRATED ANALYSIS OF MULTIMODAL SINGLE-CELL DATA. CELL 184, 

3573–3587.E29. 

HARGREAVES, K., DUBNER, R., BROWN, F., FLORES, C., AND JORIS, J. (1988). A NEW AND SENSITIVE METHOD FOR 

MEASURING THERMAL NOCICEPTION IN CUTANEOUS HYPERALGESIA. PAIN 32, 77–88. 

HARPER, A.A., AND LAWSON, S.N. (1985A). ELECTRICAL PROPERTIES OF RAT DORSAL ROOT GANGLION NEURONES 

WITH DIFFERENT PERIPHERAL NERVE CONDUCTION VELOCITIES. J. PHYSIOL. (LOND.) 359, 47–63. 

HARPER, A.A., AND LAWSON, S.N. (1985B). CONDUCTION VELOCITY IS RELATED TO MORPHOLOGICAL CELL TYPE IN 

RAT DORSAL ROOT GANGLION NEURONES. J. PHYSIOL. (LOND.) 359, 31–46. 

HATAI, S. (1901). THE FINER STRUCTURE OF THE SPINAL GANGLION CELLS IN THE WHITE RAT. J. COMP. NEUROL. 11, 

1–24. 

HEYER, G., ULMER, F.J., SCHMITZ, J., AND HANDWERKER, H.O. (1995). HISTAMINE-INDUCED ITCH AND ALLOKNESIS 

(ITCHY SKIN) IN ATOPIC ECZEMA PATIENTS AND CONTROLS. ACTA DERM. VENEREOL. 75, 348–352. 

HILL, R.Z., MORITA, T., BREM, R.B., AND BAUTISTA, D.M. (2018). S1PR3 MEDIATES ITCH AND PAIN VIA DISTINCT 

TRP CHANNEL-DEPENDENT PATHWAYS. J. NEUROSCI. 38, 7833–7843. 

HONG, S., RATTÉ, S., PRESCOTT, S.A., AND DE SCHUTTER, E. (2012). SINGLE NEURON FIRING PROPERTIES IMPACT 

CORRELATION-BASED POPULATION CODING. J. NEUROSCI. 32, 1413–1428. 

HU, E., LIANG, P., AND SPIEGELMAN, B.M. (1996). ADIPOQ IS A NOVEL ADIPOSE-SPECIFIC GENE DYSREGULATED IN 

OBESITY. J. BIOL. CHEM. 271, 10697–10703. 



 

188 | R e f e r e n c e s  
 

HURSH, J.B. (1939). CONDUCTION VELOCITY AND DIAMETER OF NERVE FIBERS. AMERICAN JOURNAL OF PHYSIOLOGY-

LEGACY CONTENT 127, 131–139. 

IKOMA, A., FARTASCH, M., HEYER, G., MIYACHI, Y., HANDWERKER, H., AND SCHMELZ, M. (2004). PAINFUL 

STIMULI EVOKE ITCH IN PATIENTS WITH CHRONIC PRURITUS: CENTRAL SENSITIZATION FOR ITCH. NEUROLOGY 

62, 212–217. 

ILLA, I., LEON-MONZON, M., AND DALAKAS, M.C. (1992). REGENERATING AND DENERVATED HUMAN MUSCLE 

FIBERS AND SATELLITE CELLS EXPRESS NEURAL CELL ADHESION MOLECULE RECOGNIZED BY MONOCLONAL 

ANTIBODIES TO NATURAL KILLER CELLS. ANN. NEUROL. 31, 46–52. 

INTERNATIONAL PAIN SUMMIT OF THE INTERNATIONAL ASSOCIATION FOR THE STUDY OF PAIN (2011). 

DECLARATION OF MONTRÉAL: DECLARATION THAT ACCESS TO PAIN MANAGEMENT IS A FUNDAMENTAL 

HUMAN RIGHT. J. PAIN PALLIAT. CARE PHARMACOTHER. 25, 29–31. 

IWAI, H., ATAKA, K., SUZUKI, H., DHAR, A., KURAMOTO, E., YAMANAKA, A., AND GOTO, T. (2021). TISSUE-

RESIDENT M2 MACROPHAGES DIRECTLY CONTACT PRIMARY SENSORY NEURONS IN THE SENSORY GANGLIA 

AFTER NERVE INJURY. J. NEUROINFLAMMATION 18, 227. 

JAKOB, M.O., KOFOED-BRANZK, M., DESHPANDE, D., MURUGAN, S., AND KLOSE, C.S.N. (2021). AN INTEGRATED 

VIEW ON NEURONAL SUBSETS IN THE PERIPHERAL NERVOUS SYSTEM AND THEIR ROLE IN IMMUNOREGULATION. 

FRONT. IMMUNOL. 12, 679055. 

JESSEN, K.R., AND MIRSKY, R. (2019). SCHWANN CELL PRECURSORS; MULTIPOTENT GLIAL CELLS IN EMBRYONIC 

NERVES. FRONT. MOL. NEUROSCI. 12, 69. 

JOHANSSON, R.S. (1976). RECEPTIVE FIELD SENSITIVITY PROFILE OF MECHANOSENSITIVE UNITS INNERVATING THE 

GLABROUS SKIN OF THE HUMAN HAND. BRAIN RES. 104, 330–334. 

JOHANSSON, R.S., AND BIRZNIEKS, I. (2004). FIRST SPIKES IN ENSEMBLES OF HUMAN TACTILE AFFERENTS CODE 

COMPLEX SPATIAL FINGERTIP EVENTS. NAT. NEUROSCI. 7, 170–177. 

JOHANSSON, R.S., AND VALLBO, A.B. (1980). SPATIAL PROPERTIES OF THE POPULATION OF MECHANORECEPTIVE 

UNITS IN THE GLABROUS SKIN OF THE HUMAN HAND. BRAIN RES. 184, 353–366. 



 

R e f e r e n c e s  | 189 
 

JOHANSSON, R.S., TRULSSON, M., OLSSON, K.A., AND WESTBERG, K.G. (1988). MECHANORECEPTOR ACTIVITY 

FROM THE HUMAN FACE AND ORAL MUCOSA. EXP. BRAIN RES. 72, 204–208. 

KAKIMOTO, S., NAGAKURA, Y., TAMURA, S., WATABIKI, T., SHIBASAKI, K., TANAKA, S., MORI, M., SASAMATA, M., 

AND OKADA, M. (2008). MINODRONIC ACID, A THIRD-GENERATION BISPHOSPHONATE, ANTAGONIZES 

PURINERGIC P2X(2/3) RECEPTOR FUNCTION AND EXERTS AN ANALGESIC EFFECT IN PAIN MODELS. EUR. J. 

PHARMACOL. 589, 98–101. 

KATO, A., OHKUBO, T., AND KITAMURA, K. (2002). ALGOGEN-SPECIFIC PAIN PROCESSING IN MOUSE SPINAL CORD: 

DIFFERENTIAL INVOLVEMENT OF VOLTAGE-DEPENDENT CA(2+) CHANNELS IN SYNAPTIC TRANSMISSION. BR. J. 

PHARMACOL. 135, 1336–1342. 

KIM, Y.S., ANDERSON, M., PARK, K., ZHENG, Q., AGARWAL, A., GONG, C., SAIJILAFU, YOUNG, L., HE, S., LAVINKA, 

P.C., ET AL. (2016). COUPLED ACTIVATION OF PRIMARY SENSORY NEURONS CONTRIBUTES TO CHRONIC PAIN. 

NEURON 91, 1085–1096. 

KLEIN, A., CARSTENS, M.I., AND CARSTENS, E. (2011). FACIAL INJECTIONS OF PRURITOGENS OR ALGOGENS ELICIT 

DISTINCT BEHAVIOR RESPONSES IN RATS AND EXCITE OVERLAPPING POPULATIONS OF PRIMARY SENSORY AND 

TRIGEMINAL SUBNUCLEUS CAUDALIS NEURONS. J. NEUROPHYSIOL. 106, 1078–1088. 

KOERBER, H.R., AND MENDELL, L.M. (1988). FUNCTIONAL SPECIALIZATION OF CENTRAL PROJECTIONS FROM 

IDENTIFIED PRIMARY AFFERENT FIBERS. J. NEUROPHYSIOL. 60, 1597–1614. 

KOERBER, H.R., DRUZINSKY, R.E., AND MENDELL, L.M. (1988). PROPERTIES OF SOMATA OF SPINAL DORSAL ROOT 

GANGLION CELLS DIFFER ACCORDING TO PERIPHERAL RECEPTOR INNERVATED. J. NEUROPHYSIOL. 60, 1584–

1596. 

KOMOHARA, Y., HIRAHARA, J., HORIKAWA, T., KAWAMURA, K., KIYOTA, E., SAKASHITA, N., ARAKI, N., AND 

TAKEYA, M. (2006). AM-3K, AN ANTI-MACROPHAGE ANTIBODY, RECOGNIZES CD163, A MOLECULE 

ASSOCIATED WITH AN ANTI-INFLAMMATORY MACROPHAGE PHENOTYPE. J. HISTOCHEM. CYTOCHEM. 54, 

763–771. 

KOPPERT, W., REEH, P.W., AND HANDWERKER, H.O. (1993). CONDITIONING OF HISTAMINE BY BRADYKININ ALTERS 

RESPONSES OF RAT NOCICEPTOR AND HUMAN ITCH SENSATION. NEUROSCI. LETT. 152, 117–120. 



 

190 | R e f e r e n c e s  
 

KRYKLYWY, J.H., EHLERS, M.R., ANDERSON, A.K., AND TODD, R.M. (2020). FROM ARCHITECTURE TO EVOLUTION: 

MULTISENSORY EVIDENCE OF DECENTRALIZED EMOTION. TRENDS COGN. SCI. (REGUL. ED.) 24, 916–929. 

KUNG, L.-H., GONG, K., ADEDOYIN, M., NG, J., BHARGAVA, A., OHARA, P.T., AND JASMIN, L. (2013). EVIDENCE 

FOR GLUTAMATE AS A NEUROGLIAL TRANSMITTER WITHIN SENSORY GANGLIA. PLOS ONE 8, E68312. 

KUPARI, J., USOSKIN, D., PARISIEN, M., LOU, D., HU, Y., FATT, M., LÖNNERBERG, P., SPÅNGBERG, M., ERIKSSON, 

B., BARKAS, N., ET AL. (2021). SINGLE CELL TRANSCRIPTOMICS OF PRIMATE SENSORY NEURONS IDENTIFIES 

CELL TYPES ASSOCIATED WITH CHRONIC PAIN. NAT. COMMUN. 12, 1510. 

LACY, S.E., BÖNNEMANN, C.G., BUZNEY, E.A., AND KUNKEL, L.M. (1999). IDENTIFICATION OF FLRT1, FLRT2, 

AND FLRT3: A NOVEL FAMILY OF TRANSMEMBRANE LEUCINE-RICH REPEAT PROTEINS. GENOMICS 62, 417–

426. 

LÄHNEMANN, D., KÖSTER, J., SZCZUREK, E., MCCARTHY, D.J., HICKS, S.C., ROBINSON, M.D., VALLEJOS, C.A., 

CAMPBELL, K.R., BEERENWINKEL, N., MAHFOUZ, A., ET AL. (2020). ELEVEN GRAND CHALLENGES IN SINGLE-

CELL DATA SCIENCE. GENOME BIOL. 21, 31. 

LALLEMEND, F., AND ERNFORS, P. (2012). MOLECULAR INTERACTIONS UNDERLYING THE SPECIFICATION OF SENSORY 

NEURONS. TRENDS NEUROSCI. 35, 373–381. 

LAMOTTE, R.H., SHIMADA, S.G., AND SIKAND, P. (2011). MOUSE MODELS OF ACUTE, CHEMICAL ITCH AND PAIN IN 

HUMANS. EXP. DERMATOL. 20, 778–782. 

LAMOTTE, R.H., DONG, X., AND RINGKAMP, M. (2014). SENSORY NEURONS AND CIRCUITS MEDIATING ITCH. NAT. 

REV. NEUROSCI. 15, 19–31. 

LAU, S.-F., CAO, H., FU, A.K.Y., AND IP, N.Y. (2020). SINGLE-NUCLEUS TRANSCRIPTOME ANALYSIS REVEALS 

DYSREGULATION OF ANGIOGENIC ENDOTHELIAL CELLS AND NEUROPROTECTIVE GLIA IN ALZHEIMER’S DISEASE. 

PROC. NATL. ACAD. SCI. USA 117, 25800–25809. 

LAWSON, S.N., AND WADDELL, P.J. (1991). SOMA NEUROFILAMENT IMMUNOREACTIVITY IS RELATED TO CELL SIZE 

AND FIBRE CONDUCTION VELOCITY IN RAT PRIMARY SENSORY NEURONS. J. PHYSIOL. (LOND.) 435, 41–63. 

LAWSON, S.N., FANG, X., AND DJOUHRI, L. (2019). NOCICEPTOR SUBTYPES AND THEIR INCIDENCE IN RAT LUMBAR 

DORSAL ROOT GANGLIA (DRGS): FOCUSSING ON C-POLYMODAL NOCICEPTORS, AΒ-NOCICEPTORS, 



 

R e f e r e n c e s  | 191 
 

MODERATE PRESSURE RECEPTORS AND THEIR RECEPTIVE FIELD DEPTHS. CURR. OPIN. PHYSIOL. 11, 125–

146. 

LEE, P.R., AND FIELDS, R.D. (2021). ACTIVITY-DEPENDENT GENE EXPRESSION IN NEURONS. NEUROSCIENTIST 27, 

355–366. 

LEE, H., KIM, D.-W., REMEDIOS, R., ANTHONY, T.E., CHANG, A., MADISEN, L., ZENG, H., AND ANDERSON, D.J. 

(2014). SCALABLE CONTROL OF MOUNTING AND ATTACK BY ESR1+ NEURONS IN THE VENTROMEDIAL 

HYPOTHALAMUS. NATURE 509, 627–632. 

LEE, M.K., TUTTLE, J.B., REBHUN, L.I., CLEVELAND, D.W., AND FRANKFURTER, A. (1990). THE EXPRESSION AND 

POSTTRANSLATIONAL MODIFICATION OF A NEURON-SPECIFIC BETA-TUBULIN ISOTYPE DURING CHICK 

EMBRYOGENESIS. CELL MOTIL. CYTOSKELETON 17, 118–132. 

LEE, M.W.L., MCPHEE, R.W., AND STRINGER, M.D. (2008). AN EVIDENCE-BASED APPROACH TO HUMAN 

DERMATOMES. CLIN ANAT 21, 363–373. 

LEMBO, P.M.C., GRAZZINI, E., GROBLEWSKI, T., O’DONNELL, D., ROY, M.-O., ZHANG, J., HOFFERT, C., CAO, J., 

SCHMIDT, R., PELLETIER, M., ET AL. (2002). PROENKEPHALIN A GENE PRODUCTS ACTIVATE A NEW FAMILY 

OF SENSORY NEURON--SPECIFIC GPCRS. NAT. NEUROSCI. 5, 201–209. 

LEVINA, I.S., KUZNETSOV, Y.V., SHCHELKUNOVA, T.A., AND ZAVARZIN, I.V. (2021). SELECTIVE LIGANDS OF 

MEMBRANE PROGESTERONE RECEPTORS AS A KEY TO STUDYING THEIR BIOLOGICAL FUNCTIONS IN VITRO AND 

IN VIVO. J. STEROID BIOCHEM. MOL. BIOL. 207, 105827. 

LI, H. (2018). MINIMAP2: PAIRWISE ALIGNMENT FOR NUCLEOTIDE SEQUENCES. BIOINFORMATICS 34, 3094–3100. 

LIEM, L., VAN DONGEN, E., HUYGEN, F.J., STAATS, P., AND KRAMER, J. (2016). THE DORSAL ROOT GANGLION AS A 

THERAPEUTIC TARGET FOR CHRONIC PAIN. REG. ANESTH. PAIN MED. 41, 511–519. 

LIU, N.-J., VON GIZYCKI, H., AND GINTZLER, A.R. (2007). SEXUALLY DIMORPHIC RECRUITMENT OF SPINAL OPIOID 

ANALGESIC PATHWAYS BY THE SPINAL APPLICATION OF MORPHINE. J. PHARMACOL. EXP. THER. 322, 654–

660. 



 

192 | R e f e r e n c e s  
 

LIU, Q., TANG, Z., SURDENIKOVA, L., KIM, S., PATEL, K.N., KIM, A., RU, F., GUAN, Y., WENG, H.-J., GENG, Y., ET 

AL. (2009). SENSORY NEURON-SPECIFIC GPCR MRGPRS ARE ITCH RECEPTORS MEDIATING CHLOROQUINE-

INDUCED PRURITUS. CELL 139, 1353–1365. 

LIU, Q., SIKAND, P., MA, C., TANG, Z., HAN, L., LI, Z., SUN, S., LAMOTTE, R.H., AND DONG, X. (2012). 

MECHANISMS OF ITCH EVOKED BY Β-ALANINE. J. NEUROSCI. 32, 14532–14537. 

LIU, W., LIU, Q., CROZIER, R.A., AND DAVIS, R.L. (2021). ANALOG TRANSMISSION OF ACTION POTENTIAL FINE 

STRUCTURE IN SPIRAL GANGLION AXONS. J. NEUROPHYSIOL. 126, 888–905. 

LIU, Y., ABDEL SAMAD, O., ZHANG, L., DUAN, B., TONG, Q., LOPES, C., JI, R.-R., LOWELL, B.B., AND MA, Q. 

(2010). VGLUT2-DEPENDENT GLUTAMATE RELEASE FROM NOCICEPTORS IS REQUIRED TO SENSE PAIN AND 

SUPPRESS ITCH. NEURON 68, 543–556. 

DE LOGU, F., MARINI, M., LANDINI, L., SOUZA MONTEIRO DE ARAUJO, D., BARTALUCCI, N., TREVISAN, G., BRUNO, 

G., MARANGONI, M., SCHMIDT, B.L., BUNNETT, N.W., ET AL. (2021). PERIPHERAL NERVE RESIDENT 

MACROPHAGES AND SCHWANN CELLS MEDIATE CANCER-INDUCED PAIN. CANCER RES. 81, 3387–3401. 

LOMAS, L.M., BARRETT, A.C., TERNER, J.M., LYSLE, D.T., AND PICKER, M.J. (2007). SEX DIFFERENCES IN THE 

POTENCY OF KAPPA OPIOIDS AND MIXED-ACTION OPIOIDS ADMINISTERED SYSTEMICALLY AND AT THE SITE OF 

INFLAMMATION AGAINST CAPSAICIN-INDUCED HYPERALGESIA IN RATS. PSYCHOPHARMACOLOGY 191, 273–

285. 

LUO, J., FENG, J., LIU, S., WALTERS, E.T., AND HU, H. (2015). MOLECULAR AND CELLULAR MECHANISMS THAT 

INITIATE PAIN AND ITCH. CELL MOL. LIFE SCI. 72, 3201–3223. 

MA, Q. (2012). POPULATION CODING OF SOMATIC SENSATIONS. NEUROSCI. BULL. 28, 91–99. 

MACK, M.R., AND KIM, B.S. (2018). THE ITCH-SCRATCH CYCLE: A NEUROIMMUNE PERSPECTIVE. TRENDS 

IMMUNOL. 39, 980–991. 

MANRIQUE, P.D., KLEIN, M., LI, Y.S., XU, C., HUI, P.M., AND JOHNSON, N.F. (2019). GETTING CLOSER TO THE 

GOAL BY BEING LESS CAPABLE. SCI. ADV. 5, EAAU5902. 



 

R e f e r e n c e s  | 193 
 

MARIE-CARDINE, A., BRUYNS, E., ECKERSKORN, C., KIRCHGESSNER, H., MEUER, S.C., AND SCHRAVEN, B. (1997). 

MOLECULAR CLONING OF SKAP55, A NOVEL PROTEIN THAT ASSOCIATES WITH THE PROTEIN TYROSINE KINASE 

P59FYN IN HUMAN T-LYMPHOCYTES. J. BIOL. CHEM. 272, 16077–16080. 

MARMIGÈRE, F., AND ERNFORS, P. (2007). SPECIFICATION AND CONNECTIVITY OF NEURONAL SUBTYPES IN THE 

SENSORY LINEAGE. NAT. REV. NEUROSCI. 8, 114–127. 

MATSUDA, S., KOBAYASHI, N., TERASHITA, T., SHIMOKAWA, T., SHIGEMOTO, K., MOMINOKI, K., WAKISAKA, H., 

SAITO, S., MIYAWAKI, K., SAITO, K., ET AL. (2005). PHYLOGENETIC INVESTIGATION OF DOGIEL’S 

PERICELLULAR NESTS AND CAJAL'S INITIAL GLOMERULI IN THE DORSAL ROOT GANGLION. J. COMP. NEUROL. 

491, 234–245. 

MATSUOKA, R., YOSHIDA, M.C., FURUTANI, Y., IMAMURA, S., KANDA, N., YANAGISAWA, M., MASAKI, T., AND 

TAKAO, A. (1993). HUMAN SMOOTH MUSCLE MYOSIN HEAVY CHAIN GENE MAPPED TO CHROMOSOMAL 

REGION 16Q12. AM. J. MED. GENET. 46, 61–67. 

MAZE, I., WENDERSKI, W., NOH, K.-M., BAGOT, R.C., TZAVARAS, N., PURUSHOTHAMAN, I., ELSÄSSER, S.J., GUO, 

Y., IONETE, C., HURD, Y.L., ET AL. (2015). CRITICAL ROLE OF HISTONE TURNOVER IN NEURONAL 

TRANSCRIPTION AND PLASTICITY. NEURON 87, 77–94. 

MCDONNELL, M.D., AND ABBOTT, D. (2009). WHAT IS STOCHASTIC RESONANCE? DEFINITIONS, MISCONCEPTIONS, 

DEBATES, AND ITS RELEVANCE TO BIOLOGY. PLOS COMPUT. BIOL. 5, E1000348. 

MCMAHON, S.B., AND KOLTZENBURG, M. (1992). ITCHING FOR AN EXPLANATION. TRENDS NEUROSCI. 15, 497–

501. 

MELTZER, S., SANTIAGO, C., SHARMA, N., AND GINTY, D.D. (2021). THE CELLULAR AND MOLECULAR BASIS OF 

SOMATOSENSORY NEURON DEVELOPMENT. NEURON 109, 3736–3757. 

MENSE, S. (1990). STRUCTURE-FUNCTION RELATIONSHIPS IN IDENTIFIED AFFERENT NEURONES. ANAT. EMBRYOL. 

(BERL.) 181, 1–17. 

MERSKEY, H. (1979). EDITORIAL THE NEED OF A TAXONOMY. PAIN 6, 247–252. 

MIDAVAINE, É., CÔTÉ, J., MARCHAND, S., AND SARRET, P. (2021). GLIAL AND NEUROIMMUNE CELL CHOREOGRAPHY 

IN SEXUALLY DIMORPHIC PAIN SIGNALING. NEUROSCI. BIOBEHAV. REV. 125, 168–192. 



 

194 | R e f e r e n c e s  
 

MILEV, P., FRIEDLANDER, D.R., SAKURAI, T., KARTHIKEYAN, L., FLAD, M., MARGOLIS, R.K., GRUMET, M., AND 

MARGOLIS, R.U. (1994). INTERACTIONS OF THE CHONDROITIN SULFATE PROTEOGLYCAN PHOSPHACAN, THE 

EXTRACELLULAR DOMAIN OF A RECEPTOR-TYPE PROTEIN TYROSINE PHOSPHATASE, WITH NEURONS, GLIA, AND 

NEURAL CELL ADHESION MOLECULES. J. CELL BIOL. 127, 1703–1715. 

MILLER, R.J., JUNG, H., BHANGOO, S.K., AND WHITE, F.A. (2009). CYTOKINE AND CHEMOKINE REGULATION OF 

SENSORY NEURON FUNCTION. HANDB EXP PHARMACOL 417–449. 

MOCHIZUKI, H., BAUMGÄRTNER, U., KAMPING, S., RUTTORF, M., SCHAD, L.R., FLOR, H., KAKIGI, R., AND TREEDE, 

R.-D. (2013). CORTICO-SUBCORTICAL ACTIVATION PATTERNS FOR ITCH AND PAIN IMAGERY. PAIN 154, 

1989–1998. 

MOGIL, J.S. (2009). ANIMAL MODELS OF PAIN: PROGRESS AND CHALLENGES. NAT. REV. NEUROSCI. 10, 283–294. 

MOMIN, A., AND MCNAUGHTON, P.A. (2009). REGULATION OF FIRING FREQUENCY IN NOCICEPTIVE NEURONS BY 

PRO-INFLAMMATORY MEDIATORS. EXP. BRAIN RES. 196, 45–52. 

MONTEMURRO, M.A., RASCH, M.J., MURAYAMA, Y., LOGOTHETIS, N.K., AND PANZERI, S. (2008). PHASE-OF-

FIRING CODING OF NATURAL VISUAL STIMULI IN PRIMARY VISUAL CORTEX. CURR. BIOL. 18, 375–380. 

MOORE, C., GUPTA, R., JORDT, S.-E., CHEN, Y., AND LIEDTKE, W.B. (2018). REGULATION OF PAIN AND ITCH BY 

TRP CHANNELS. NEUROSCI. BULL. 34, 120–142. 

NAMER, B., AND REEH, P. (2013). SCRATCHING AN ITCH. NAT. NEUROSCI. 16, 117–118. 

NASCIMENTO, A.I., MAR, F.M., AND SOUSA, M.M. (2018). THE INTRIGUING NATURE OF DORSAL ROOT GANGLION 

NEURONS: LINKING STRUCTURE WITH POLARITY AND FUNCTION. PROG. NEUROBIOL. 168, 86–103. 

NGUYEN, M.Q., WU, Y., BONILLA, L.S., VON BUCHHOLTZ, L.J., AND RYBA, N.J.P. (2017). DIVERSITY AMONGST 

TRIGEMINAL NEURONS REVEALED BY HIGH THROUGHPUT SINGLE CELL SEQUENCING. PLOS ONE 12, 

E0185543. 

NGUYEN, M.Q., LE PICHON, C.E., AND RYBA, N. (2019). STEREOTYPED TRANSCRIPTOMIC TRANSFORMATION OF 

SOMATOSENSORY NEURONS IN RESPONSE TO INJURY. ELIFE 8. 



 

R e f e r e n c e s  | 195 
 

NGUYEN, M.Q., VON BUCHHOLTZ, L.J., REKER, A.N., RYBA, N.J., AND DAVIDSON, S. (2021). SINGLE-NUCLEUS 

TRANSCRIPTOMIC ANALYSIS OF HUMAN DORSAL ROOT GANGLION NEURONS. ELIFE 10. 

NILSSON, H.J., LEVINSSON, A., AND SCHOUENBORG, J. (1997). CUTANEOUS FIELD STIMULATION (CFS): A NEW 

POWERFUL METHOD TO COMBAT ITCH. PAIN 71, 49–55. 

OYLER, G.A., HIGGINS, G.A., HART, R.A., BATTENBERG, E., BILLINGSLEY, M., BLOOM, F.E., AND WILSON, M.C. 

(1989). THE IDENTIFICATION OF A NOVEL SYNAPTOSOMAL-ASSOCIATED PROTEIN, SNAP-25, 

DIFFERENTIALLY EXPRESSED BY NEURONAL SUBPOPULATIONS. J. CELL BIOL. 109, 3039–3052. 

PAGANI, M., ALBISETTI, G.W., SIVAKUMAR, N., WILDNER, H., SANTELLO, M., JOHANNSSEN, H.C., AND ZEILHOFER, 

H.U. (2019). HOW GASTRIN-RELEASING PEPTIDE OPENS THE SPINAL GATE FOR ITCH. NEURON 103, 102–

117.E5. 

PANNESE, E. (1964). NUMBER AND STRUCTURE OF PERISOMATIC SATELLITE CELLS OF SPINAL GANGLIA UNDER 

NORMAL CONDITIONS OR DURING AXON REGENERATION AND NEURONAL HYPERTROPHY. Z. ZELLFORSCH. 

MIKROSK. ANAT. 63, 568–592. 

PANNESE, E., LEDDA, M., CHERKAS, P.S., HUANG, T.Y., AND HANANI, M. (2003). SATELLITE CELL REACTIONS TO 

AXON INJURY OF SENSORY GANGLION NEURONS: INCREASE IN NUMBER OF GAP JUNCTIONS AND FORMATION 

OF BRIDGES CONNECTING PREVIOUSLY SEPARATE PERINEURONAL SHEATHS. ANAT. EMBRYOL. (BERL.) 206, 

337–347. 

PANZERI, S., MACKE, J.H., GROSS, J., AND KAYSER, C. (2015). NEURAL POPULATION CODING: COMBINING INSIGHTS 

FROM MICROSCOPIC AND MASS SIGNALS. TRENDS COGN. SCI. (REGUL. ED.) 19, 162–172. 

PANZERI, S., HARVEY, C.D., PIASINI, E., LATHAM, P.E., AND FELLIN, T. (2017). CRACKING THE NEURAL CODE FOR 

SENSORY PERCEPTION BY COMBINING STATISTICS, INTERVENTION, AND BEHAVIOR. NEURON 93, 491–507. 

LE PICHON, C.E., AND CHESLER, A.T. (2014). THE FUNCTIONAL AND ANATOMICAL DISSECTION OF SOMATOSENSORY 

SUBPOPULATIONS USING MOUSE GENETICS. FRONT. NEUROANAT. 8, 21. 

PRESCOTT, S.A., AND RATTÉ, S. (2012). PAIN PROCESSING BY SPINAL MICROCIRCUITS: AFFERENT COMBINATORICS. 

CURR. OPIN. NEUROBIOL. 22, 631–639. 



 

196 | R e f e r e n c e s  
 

PRESCOTT, S.A., MA, Q., AND DE KONINCK, Y. (2014). NORMAL AND ABNORMAL CODING OF SOMATOSENSORY 

STIMULI CAUSING PAIN. NAT. NEUROSCI. 17, 183–191. 

RATTÉ, S., HONG, S., DE SCHUTTER, E., AND PRESCOTT, S.A. (2013). IMPACT OF NEURONAL PROPERTIES ON 

NETWORK CODING: ROLES OF SPIKE INITIATION DYNAMICS AND ROBUST SYNCHRONY TRANSFER. NEURON 78, 

758–772. 

RAY, P., TORCK, A., QUIGLEY, L., WANGZHOU, A., NEIMAN, M., RAO, C., LAM, T., KIM, J.-Y., KIM, T.H., ZHANG, 

M.Q., ET AL. (2018). COMPARATIVE TRANSCRIPTOME PROFILING OF THE HUMAN AND MOUSE DORSAL ROOT 

GANGLIA: AN RNA-SEQ-BASED RESOURCE FOR PAIN AND SENSORY NEUROSCIENCE RESEARCH. PAIN 159, 

1325–1345. 

REXED, B., AND SOURANDER, P. (1949). THE CALIBER OF CENTRAL AND PERIPHERAL NEURITIS OF SPINAL GANGLION 

CELLS AND VARIATIONS IN FIBER SIZE AT DIFFERENT LEVELS OF DORSAL SPINAL ROOTS. J. COMP. NEUROL. 91, 

297–306. 

ROBERSON, D.P., GUDES, S., SPRAGUE, J.M., PATOSKI, H.A.W., ROBSON, V.K., BLASL, F., DUAN, B., OH, S.B., 

BEAN, B.P., MA, Q., ET AL. (2013). ACTIVITY-DEPENDENT SILENCING REVEALS FUNCTIONALLY DISTINCT 

ITCH-GENERATING SENSORY NEURONS. NAT. NEUROSCI. 16, 910–918. 

ROZANSKI, G.M., KIM, H., LI, Q., WONG, F.K., AND STANLEY, E.F. (2012). SLOW CHEMICAL TRANSMISSION 

BETWEEN DORSAL ROOT GANGLION NEURON SOMATA. EUR. J. NEUROSCI. 36, 3314–3321. 

RU, F., SUN, H., JURCAKOVA, D., HERBSTSOMER, R.A., MEIXONG, J., DONG, X., AND UNDEM, B.J. (2017). 

MECHANISMS OF PRURITOGEN-INDUCED ACTIVATION OF ITCH NERVES IN ISOLATED MOUSE SKIN. J. PHYSIOL. 

(LOND.) 595, 3651–3666. 

SADLER, K.E., MOGIL, J.S., AND STUCKY, C.L. (2021). INNOVATIONS AND ADVANCES IN MODELLING AND 

MEASURING PAIN IN ANIMALS. NAT. REV. NEUROSCI. 

SANG, C.N., GRACELY, R.H., MAX, M.B., AND BENNETT, G.J. (1996). CAPSAICIN-EVOKED MECHANICAL ALLODYNIA 

AND HYPERALGESIA CROSS NERVE TERRITORIES. EVIDENCE FOR A CENTRAL MECHANISM. ANESTHESIOLOGY 

85, 491–496. 



 

R e f e r e n c e s  | 197 
 

SATPATHY, A.T., GRANJA, J.M., YOST, K.E., QI, Y., MESCHI, F., MCDERMOTT, G.P., OLSEN, B.N., MUMBACH, 

M.R., PIERCE, S.E., CORCES, M.R., ET AL. (2019). MASSIVELY PARALLEL SINGLE-CELL CHROMATIN 

LANDSCAPES OF HUMAN IMMUNE CELL DEVELOPMENT AND INTRATUMORAL T CELL EXHAUSTION. NAT. 

BIOTECHNOL. 37, 925–936. 

SCHERRER, G., IMAMACHI, N., CAO, Y.-Q., CONTET, C., MENNICKEN, F., O’DONNELL, D., KIEFFER, B.L., AND 

BASBAUM, A.I. (2009). DISSOCIATION OF THE OPIOID RECEPTOR MECHANISMS THAT CONTROL MECHANICAL 

AND HEAT PAIN. CELL 137, 1148–1159. 

SCHMELZ, M. (2015). ITCH AND PAIN DIFFERENCES AND COMMONALITIES. HANDB EXP PHARMACOL 227, 285–

301. 

SENBA, E., AND KASHIBA, H. (1996). SENSORY AFFERENT PROCESSING IN MULTI-RESPONSIVE DRG NEURONS. PROG. 

BRAIN RES. 113, 387–410. 

SHARMA, N., FLAHERTY, K., LEZGIYEVA, K., WAGNER, D.E., KLEIN, A.M., AND GINTY, D.D. (2020). THE 

EMERGENCE OF TRANSCRIPTIONAL IDENTITY IN SOMATOSENSORY NEURONS. NATURE 577, 392–398. 

SHIMADA, S.G., AND LAMOTTE, R.H. (2008). BEHAVIORAL DIFFERENTIATION BETWEEN ITCH AND PAIN IN MOUSE. 

PAIN 139, 681–687. 

SHIN, J.E., HA, H., KIM, Y.K., CHO, Y., AND DIANTONIO, A. (2019). DLK REGULATES A DISTINCTIVE 

TRANSCRIPTIONAL REGENERATION PROGRAM AFTER PERIPHERAL NERVE INJURY. NEUROBIOL. DIS. 127, 

178–192. 

SHOEMAKER, J.K., KLASSEN, S.A., BADROV, M.B., AND FADEL, P.J. (2018). FIFTY YEARS OF MICRONEUROGRAPHY: 

LEARNING THE LANGUAGE OF THE PERIPHERAL SYMPATHETIC NERVOUS SYSTEM IN HUMANS. J. 

NEUROPHYSIOL. 119, 1731–1744. 

SHU, Y., HASENSTAUB, A., DUQUE, A., YU, Y., AND MCCORMICK, D.A. (2006). MODULATION OF INTRACORTICAL 

SYNAPTIC POTENTIALS BY PRESYNAPTIC SOMATIC MEMBRANE POTENTIAL. NATURE 441, 761–765. 

SIKAND, P., SHIMADA, S.G., GREEN, B.G., AND LAMOTTE, R.H. (2009). SIMILAR ITCH AND NOCICEPTIVE 

SENSATIONS EVOKED BY PUNCTATE CUTANEOUS APPLICATION OF CAPSAICIN, HISTAMINE AND COWHAGE. PAIN 

144, 66–75. 



 

198 | R e f e r e n c e s  
 

SIKAND, P., SHIMADA, S.G., GREEN, B.G., AND LAMOTTE, R.H. (2011). SENSORY RESPONSES TO INJECTION AND 

PUNCTATE APPLICATION OF CAPSAICIN AND HISTAMINE TO THE SKIN. PAIN 152, 2485–2494. 

SIMONE, D.A., ZHANG, X., LI, J., ZHANG, J.-M., HONDA, C.N., LAMOTTE, R.H., AND GIESLER, G.J. (2004). 

COMPARISON OF RESPONSES OF PRIMATE SPINOTHALAMIC TRACT NEURONS TO PRURITIC AND ALGOGENIC 

STIMULI. J. NEUROPHYSIOL. 91, 213–222. 

SINHA, S., SATPATHY, A.T., ZHOU, W., JI, H., STRATTON, J.A., JAFFER, A., BAHLIS, N., MORRISSY, S., AND 

BIERNASKIE, J.A. (2021). PROFILING CHROMATIN ACCESSIBILITY AT SINGLE-CELL RESOLUTION. GENOMICS 

PROTEOMICS BIOINFORMATICS 19, 172–190. 

SNYDER, S.E., LI, J., SCHAUWECKER, P.E., MCNEILL, T.H., AND SALTON, S.R. (1996). COMPARISON OF RPTP 

ZETA/BETA, PHOSPHACAN, AND TRKB MRNA EXPRESSION IN THE DEVELOPING AND ADULT RAT NERVOUS 

SYSTEM AND INDUCTION OF RPTP ZETA/BETA AND PHOSPHACAN MRNA FOLLOWING BRAIN INJURY. BRAIN 

RES. MOL. BRAIN RES. 40, 79–96. 

SOLINSKI, H.J., KRIEGBAUM, M.C., TSENG, P.-Y., EARNEST, T.W., GU, X., BARIK, A., CHESLER, A.T., AND HOON, 

M.A. (2019). NPPB NEURONS ARE SENSORS OF MAST CELL-INDUCED ITCH. CELL REP. 26, 3561–

3573.E4. 

SOLÍS-CÁMARA, P., AND NEGRETE-MARTÍNEZ, J. (1968). TRANSMISSION OF MORE THAN ONE SENSORY MODALITY-

MESSAGE ALONG A SINGLE AXON. BOL. ESTUD. MED. BIOL. 25, 193–204. 

SONG, J., XIAN, D., YANG, L., XIONG, X., LAI, R., AND ZHONG, J. (2018). PRURITUS: PROGRESS TOWARD 

PATHOGENESIS AND TREATMENT. BIOMED RES. INT. 2018, 9625936. 

ST SAUVER, J.L., WARNER, D.O., YAWN, B.P., JACOBSON, D.J., MCGREE, M.E., PANKRATZ, J.J., MELTON, L.J., 

ROGER, V.L., EBBERT, J.O., AND ROCCA, W.A. (2013). WHY PATIENTS VISIT THEIR DOCTORS: ASSESSING 

THE MOST PREVALENT CONDITIONS IN A DEFINED AMERICAN POPULATION. MAYO CLIN. PROC. 88, 56–67. 

STANTCHEVA, K.K., IOVINO, L., DHANDAPANI, R., MARTINEZ, C., CASTALDI, L., NOCCHI, L., PERLAS, E., 

PORTULANO, C., PESARESI, M., SHIRLEKAR, K.S., ET AL. (2016). A SUBPOPULATION OF ITCH-SENSING 

NEURONS MARKED BY RET AND SOMATOSTATIN EXPRESSION. EMBO REP. 17, 585–600. 



 

R e f e r e n c e s  | 199 
 

STUART, T., BUTLER, A., HOFFMAN, P., HAFEMEISTER, C., PAPALEXI, E., MAUCK, W.M., HAO, Y., STOECKIUS, M., 

SMIBERT, P., AND SATIJA, R. (2019). COMPREHENSIVE INTEGRATION OF SINGLE-CELL DATA. CELL 177, 

1888–1902.E21. 

SU, Y., BROOKS, D.G., LI, L., LEPERCQ, J., TROFATTER, J.A., RAVETCH, J.V., AND LEBO, R.V. (1993). MYELIN 

PROTEIN ZERO GENE MUTATED IN CHARCOT-MARIE-TOOTH TYPE 1B PATIENTS. PROC. NATL. ACAD. SCI. USA 

90, 10856–10860. 

SU, Y., SHIN, J., ZHONG, C., WANG, S., ROYCHOWDHURY, P., LIM, J., KIM, D., MING, G.-L., AND SONG, H. 

(2017). NEURONAL ACTIVITY MODIFIES THE CHROMATIN ACCESSIBILITY LANDSCAPE IN THE ADULT BRAIN. 

NAT. NEUROSCI. 20, 476–483. 

SUN, Y.-G., AND CHEN, Z.-F. (2007). A GASTRIN-RELEASING PEPTIDE RECEPTOR MEDIATES THE ITCH SENSATION IN 

THE SPINAL CORD. NATURE 448, 700–703. 

SUN, S., XU, Q., GUO, C., GUAN, Y., LIU, Q., AND DONG, X. (2017). LEAKY GATE MODEL: INTENSITY-DEPENDENT 

CODING OF PAIN AND ITCH IN THE SPINAL CORD. NEURON 93, 840–853.E5. 

SUN, Y.-G., ZHAO, Z.-Q., MENG, X.-L., YIN, J., LIU, X.-Y., AND CHEN, Z.-F. (2009). CELLULAR BASIS OF ITCH 

SENSATION. SCIENCE 325, 1531–1534. 

TANG, B.L. (2021). SNARES AND DEVELOPMENTAL DISORDERS. J. CELL PHYSIOL. 236, 2482–2504. 

TANG, M., WU, G., WANG, Z., YANG, N., SHI, H., HE, Q., ZHU, C., YANG, Y., YU, G., WANG, C., ET AL. (2016). 

VOLTAGE-GATED POTASSIUM CHANNELS INVOLVED IN REGULATION OF PHYSIOLOGICAL FUNCTION IN 

MRGPRA3-SPECIFIC ITCH NEURONS. BRAIN RES. 1636, 161–171. 

THAN, J.Y.-X.L., LI, L., HASAN, R., AND ZHANG, X. (2013). EXCITATION AND MODULATION OF TRPA1, TRPV1, 

AND TRPM8 CHANNEL-EXPRESSING SENSORY NEURONS BY THE PRURITOGEN CHLOROQUINE. J. BIOL. CHEM. 

288, 12818–12827. 

TODD, A.J., AND KOERBER, H.R. (2006). NEUROANATOMICAL SUBSTRATES OF SPINAL NOCICEPTION. IN WALL AND 

MELZACK’S TEXTBOOK OF PAIN, (ELSEVIER), PP. 73–90. 

TOREBJÖRK, H.E., AND OCHOA, J.L. (1980). SPECIFIC SENSATIONS EVOKED BY ACTIVITY IN SINGLE IDENTIFIED 

SENSORY UNITS IN MAN. ACTA PHYSIOL SCAND 110, 445–447. 



 

200 | R e f e r e n c e s  
 

TSUDA, M., SHIGEMOTO-MOGAMI, Y., UENO, S., KOIZUMI, S., UEDA, H., IWANAGA, T., AND INOUE, K. (2002). 

DOWNREGULATION OF P2X3 RECEPTOR-DEPENDENT SENSORY FUNCTIONS IN A/J INBRED MOUSE STRAIN. 

EUR. J. NEUROSCI. 15, 1444–1450. 

UEDA, H., AMANO, H., SHIOMI, H., AND TAKAGI, H. (1979). COMPARISON OF THE ANALGESIC EFFECTS OF VARIOUS 

OPIOID PEPTIDES BY A NEWLY DEVISED INTRACISTERNAL INJECTION TECHNIQUE IN CONSCIOUS MICE. EUR. J. 

PHARMACOL. 56, 265–268. 

URBAN, D.J., AND ROTH, B.L. (2015). DREADDS (DESIGNER RECEPTORS EXCLUSIVELY ACTIVATED BY DESIGNER 

DRUGS): CHEMOGENETIC TOOLS WITH THERAPEUTIC UTILITY. ANNU. REV. PHARMACOL. TOXICOL. 55, 399–

417. 

USOSKIN, D., FURLAN, A., ISLAM, S., ABDO, H., LÖNNERBERG, P., LOU, D., HJERLING-LEFFLER, J., HAEGGSTRÖM, 

J., KHARCHENKO, O., KHARCHENKO, P.V., ET AL. (2015). UNBIASED CLASSIFICATION OF SENSORY NEURON 

TYPES BY LARGE-SCALE SINGLE-CELL RNA SEQUENCING. NAT. NEUROSCI. 18, 145–153. 

VALLBO, A., OLAUSSON, H., WESSBERG, J., AND NORRSELL, U. (1993). A SYSTEM OF UNMYELINATED AFFERENTS 

FOR INNOCUOUS MECHANORECEPTION IN THE HUMAN SKIN. BRAIN RES. 628, 301–304. 

VALTCHEVA, M.V., COPITS, B.A., DAVIDSON, S., SHEAHAN, T.D., PULLEN, M.Y., MCCALL, J.G., DIKRANIAN, K., 

AND GEREAU, R.W. (2016). SURGICAL EXTRACTION OF HUMAN DORSAL ROOT GANGLIA FROM ORGAN 

DONORS AND PREPARATION OF PRIMARY SENSORY NEURON CULTURES. NAT. PROTOC. 11, 1877–1888. 

VOS, T., ALLEN, C., AND ARORA, M. (2016). GLOBAL, REGIONAL, AND NATIONAL INCIDENCE, PREVALENCE, AND 

YEARS LIVED WITH DISABILITY FOR 310 DISEASES AND INJURIES, 1990-2015: A SYSTEMATIC ANALYSIS FOR 

THE GLOBAL BURDEN OF DISEASE STUDY 2015. LANCET 388, 1545–1602. 

WANG, C., CHEN, P., LIN, D., CHEN, Y., LV, B., ZHENG, K., LIN, X., AND WU, Z. (2021). EFFECTS OF VARYING 

DEGREES OF LIGATION IN A NEUROPATHIC PAIN MODEL INDUCED BY CHRONIC CONSTRICTION INJURY. LIFE SCI. 

276, 119441. 

WANG, F., BÉLANGER, E., CÔTÉ, S.L., DESROSIERS, P., PRESCOTT, S.A., CÔTÉ, D.C., AND DE KONINCK, Y. (2018). 

SENSORY AFFERENTS USE DIFFERENT CODING STRATEGIES FOR HEAT AND COLD. CELL REP. 23, 2001–2013. 



 

R e f e r e n c e s  | 201 
 

WANG, Y., WU, Q., HU, M., LIU, B., CHAI, Z., HUANG, R., WANG, Y., XU, H., ZHOU, L., ZHENG, L., ET AL. (2017). 

LIGAND- AND VOLTAGE-GATED CA2+ CHANNELS DIFFERENTIALLY REGULATE THE MODE OF VESICULAR 

NEUROPEPTIDE RELEASE IN MAMMALIAN SENSORY NEURONS. SCI. SIGNAL. 10. 

WANGZHOU, VIVEKAN, JEEVAKUMAR, SANKARANARAYANAN, I., ER, C., COPITS, B., DOUGHERTY, P., IV, R., 

BURTON, M., DUSSOR, G., ET AL. TITLE: SPATIAL TRANSCRIPTOMICS REVEALS UNIQUE MOLECULAR 

FINGERPRINTS OF HUMAN NOCICEPTORS. 

WANGZHOU, A., MCILVRIED, L.A., PAIGE, C., BARRAGAN-IGLESIAS, P., SHIERS, S., AHMAD, A., GUZMAN, C.A., 

DUSSOR, G., RAY, P.R., GEREAU, R.W., ET AL. (2020). PHARMACOLOGICAL TARGET-FOCUSED 

TRANSCRIPTOMIC ANALYSIS OF NATIVE VS CULTURED HUMAN AND MOUSE DORSAL ROOT GANGLIA. PAIN 161, 

1497–1517. 

WARREN, S., YEZIERSKI, R.P., AND CAPRA, N.F. (2018). THE SOMATOSENSORY SYSTEM II. IN FUNDAMENTAL 

NEUROSCIENCE FOR BASIC AND CLINICAL APPLICATIONS, (ELSEVIER), PP. 258–277.E1. 

WARWICK, R.A., AND HANANI, M. (2013). THE CONTRIBUTION OF SATELLITE GLIAL CELLS TO CHEMOTHERAPY-

INDUCED NEUROPATHIC PAIN. EUR. J. PAIN 17, 571–580. 

WAXMAN, S.G. (2000). THE NEURON AS A DYNAMIC ELECTROGENIC MACHINE: MODULATION OF SODIUM-CHANNEL 

EXPRESSION AS A BASIS FOR FUNCTIONAL PLASTICITY IN NEURONS. PHILOS. TRANS. R. SOC. LOND. B, BIOL. 

SCI. 355, 199–213. 

WILSON, S., AND BAUTISTA, D. (2013). ITCHING FOR RELIEF. NAT. NEUROSCI. 16, 775–777. 

WILSON, S.R., GERHOLD, K.A., BIFOLCK-FISHER, A., LIU, Q., PATEL, K.N., DONG, X., AND BAUTISTA, D.M. 

(2011). TRPA1 IS REQUIRED FOR HISTAMINE-INDEPENDENT, MAS-RELATED G PROTEIN-COUPLED 

RECEPTOR-MEDIATED ITCH. NAT. NEUROSCI. 14, 595–602. 

XIE, Z., AND HU, H. (2018). TRP CHANNELS AS DRUG TARGETS TO RELIEVE ITCH. PHARMACEUTICALS (BASEL) 11. 

YOSHIDA, S., AND MATSUDA, Y. (1979). STUDIES ON SENSORY NEURONS OF THE MOUSE WITH INTRACELLULAR-

RECORDING AND HORSERADISH PEROXIDASE-INJECTION TECHNIQUES. J. NEUROPHYSIOL. 42, 1134–1145. 

YOUSEFPOUR, N. (2021). SPINAL CORD STRUCTURAL PLASTICITY IN NEUROPATHIC PAIN. DOCTORAL DISSERTATION. 

MCGILL PHARMACOLOGY. 



 

202 | R e f e r e n c e s  
 

YU, X., LIU, H., HAMEL, K.A., MORVAN, M.G., YU, S., LEFF, J., GUAN, Z., BRAZ, J.M., AND BASBAUM, A.I. 

(2020). DORSAL ROOT GANGLION MACROPHAGES CONTRIBUTE TO BOTH THE INITIATION AND PERSISTENCE 

OF NEUROPATHIC PAIN. NAT. COMMUN. 11, 264. 

YUAN, T., LI, J., SHEN, L., ZHANG, W., WANG, T., XU, Y., ZHU, J., HUANG, Y., AND MA, C. (2016). ASSESSMENT 

OF ITCH AND PAIN IN ANIMAL MODELS AND HUMAN SUBJECTS. ADV. EXP. MED. BIOL. 904, 1–22. 

ZEISEL, A., HOCHGERNER, H., LÖNNERBERG, P., JOHNSSON, A., MEMIC, F., VAN DER ZWAN, J., HÄRING, M., 

BRAUN, E., BORM, L.E., LA MANNO, G., ET AL. (2018). MOLECULAR ARCHITECTURE OF THE MOUSE 

NERVOUS SYSTEM. CELL 174, 999–1014.E22. 

ZELDENRUST, F., WADMAN, W.J., AND ENGLITZ, B. (2018). NEURAL CODING WITH BURSTS-CURRENT STATE AND 

FUTURE PERSPECTIVES. FRONT. COMPUT. NEUROSCI. 12, 48. 

ZHANG, H., LI, Y., DE CARVALHO-BARBOSA, M., KAVELAARS, A., HEIJNEN, C.J., ALBRECHT, P.J., AND DOUGHERTY, 

P.M. (2016A). DORSAL ROOT GANGLION INFILTRATION BY MACROPHAGES CONTRIBUTES TO PACLITAXEL 

CHEMOTHERAPY-INDUCED PERIPHERAL NEUROPATHY. J. PAIN 17, 775–786. 

ZHANG, W.-H., CHEN, A., RASCH, M.J., AND WU, S. (2016B). DECENTRALIZED MULTISENSORY INFORMATION 

INTEGRATION IN NEURAL SYSTEMS. J. NEUROSCI. 36, 532–547. 

ZYLKA, M.J., DONG, X., SOUTHWELL, A.L., AND ANDERSON, D.J. (2003). ATYPICAL EXPANSION IN MICE OF THE 

SENSORY NEURON-SPECIFIC MRG G PROTEIN-COUPLED RECEPTOR FAMILY. PROC. NATL. ACAD. SCI. USA 

100, 10043–10048. 

 


	Dedication
	Table of contents
	Abstract
	Résumé
	Acknowledgements
	Contribution to original knowledge
	Authors Contributions
	Chapter 1: General Introduction
	Rationale
	Objectives
	1) Prove multimodality in the peripheral sensory system
	2) Provide a cellular atlas of primary sensory ganglia

	Literature Review
	Sensations
	Pain and itch
	Sensory coding theories
	Cellular diversity in primary ganglia


	Chapter 2: Manuscript 1; Neuron 2020
	Summary
	Keywords
	Introduction
	Results
	Metabotropic activation of MrgprA3 C-afferents induces itch
	Selective light-gated ionotropic activation of MrgprA3 C-afferents induces aversive responses distinct from scratching
	MrgprA3 C-afferents trigger distinct somatosensory perceptions based on their activation mode
	Itch and pain mediated by MrgprA3 C-afferents engage distinct pathways
	Calcium-permeable TRP channels contribute exclusively to the pruriception but not to the nociception mediated by MrgprA3 C-afferents
	MrgprA3 C-afferents contribute to acute pain responses in wildtype mice

	Discussion
	Acknowledgments
	Author Contributions
	Declaration of Interests
	Figures & Legends
	STAR Methods
	LEAD CONTACT AND MATERIALS AVAILABILITY
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mouse strains
	Viral constructs and transduction

	METHOD DETAILS
	Ligands and administration routes
	Headpost implants
	Laser sources and light guides
	Behavioral assays
	In vitro preparations and assays
	Ex vivo tissue preparations and morphology

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND CODE AVAILABILITY
	KEY RESOURCES TABLE

	References
	Supplemental Information

	Linker
	Chapter 3: Manuscript 2; In preparation
	Summary
	Keywords
	Introduction
	Results
	Single-nucleus RNA sequencing of whole human DRG tissue
	Single-nucleus RNA sequencing of human DRG neurons
	Multi-modal single-nucleus sequencing (RNAseq plus ATACseq)

	Discussion
	Acknowledgments
	Author Contributions
	Declaration of Interests
	Figures & Legends
	Materials and methods
	Resources Table
	Experimental Tissue and Subjects Details
	Subjects
	Harvest protocol

	Isolation of nuclei
	NP-40 based isolation
	CHAPS based isolation
	Permeabilization for ATAC Captures

	Single-nuclei Capture and Barcoding
	3’ captures
	Multiome captures

	Library Preparations
	3’ gene expression libraries
	ATAC libraries
	Full length libraries

	Sequencing
	Gene expression short read sequencing
	ATAC sequencing
	Long-read sequencing

	Data Analysis
	FASTQ demultiplexing of short reads
	3’ transcriptomic capture read alignment
	Multiome capture read alignment
	Long read alignment
	Gene expression analyses
	ATAC analyses
	Long-read analyses


	References
	Supplemental Information
	QC results
	Pre-capture quality controls
	Post-capture quality controls
	Post-alignment quality controls
	Integration quality control

	Experiments summary
	Whole DRG (all nuclei) supplementary information
	Top highly expressed genes in each cluster
	Differentially expressed marker genes examples for each cluster

	Single nucleus multiome captures (RNA plus ATAC)
	Open chromatin region linkage
	Subclustering using combined GEX and ATAC information



	Chapter 4: General Discussion & Conclusion
	Summary
	Limitations
	Prospects
	Complementary research
	Conclusion

	References

