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Abstract 
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Itch has evolved to protect us from malicious parasites keen to suck our blood or lay their eggs 
in our skin. We can detect both the movement of these parasites and the toxins they introduce 
with specialized neurons called pruriceptors. When we feel an itch, we get a desire to scratch 
it. Scratching an itch eases the itch sensation, and this is thought to be regulated by neuronal 
circuits in the spinal cord. This reactive aspect of itch makes is an interesting system to study 
as it involves both sensory and motor circuitry. The spinal cord hosts a vast number of different 
neuronal cell types, and better understanding of these are needed to efficiently delineate the 
circuitry between them. 

To find these cell types, we sequence the transcriptome of thousands of individual neurons 
in the dorsal horn of the spinal cord and identified 15 excitatory and 15 inhibitory neuronal 
populations (Paper I). Furthermore, we found that cell types expressing neuropeptide Y (NPY) 
contributed to the inhibition of chemically induced itch via the NPY receptor 2 (Paper II) 
and inhibition of somatostatin-induced itch via NPY receptor 1 (Paper III). We are currently 
mapping the neurons presynaptic to the NPY neurons using a Npy-Cre mouse line combined 
with monosynaptic rabies tracing and find inputs from the dorsal root ganglions, the spinal cord, 
and the brain (Paper IV). To help decipher circuit connectivity, we developed a method that 
links cell types expressing matching ligand and receptor pairs in single cell RNA-sequencing 
(scRNA-seq) datasets (Paper V). We furthermore used scRNA-seq to identify differences 
and similarities of locomotor circuitry related cells expressing doublesex and mab-3 related 
transcription factor 3 in zebrafish and mouse (Paper VI). 

In this thesis, we used a combination of powerful and novel tools to investigate questions 
that were previously difficult to address. It is my belief that spatial transcriptomics, now poised 
with the knowledge gained from scRNA-seq, will transform how we think about cell types in 
the central nervous system, since the location of a neuron is critical for its role in a circuit. 
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“There is pleasure when an itch is scratched. But to be without an itch is more 
pleasurable still.” – Nā´áäāgārjuna 
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Introduction 

We have evolved two critical somatosensory systems related to defence. Pain 

protects us from damaging stimuli and without it we quickly accumulate inju-

ries, so it is easy to understand the benefits of such a system. Itch sensation on 

the other hand, has evolved to protect us from malicious parasites, which does 

not necessary cause pain or injury, but instead crawl on (or in) our skin and 

may lay eggs or suck blood. We can detect such insults as mechanical itch (the 

crawling part), and chemical itch (the skin penetrating assaults and our im-

mune system responding to the assault) through specialized sensory neurons. 

We have also evolved effective behavioural reflexes to itchy stimuli. For in-

stance, when we feel an itch, we want to scratch it. In doing so, we get a sat-

isfactory sensation letting us know that we are hitting the right spot. However, 

how itch is transmitted through the spinal cord, and how scratching alleviates 

itch is an active field of research, which we will visit in this thesis. 
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Background 

From birth to circuit 

During embryogenesis, the neural plate consisting of the neural ectoderm in-

vaginates and closes of, creating the neural tube (Figure 1a). The anterior 

neural tube is the origin of the brain, and the posterior neural tube is the origin 

of the spinal cord (Lai et al., 2016). The spatial location of a cell matters as 

specific transcription factors depends on signals found in the local tissue. For 

instance, the location of a cell along the rostro-caudal axis can be deciphered 

from a set of partly overlapping Hox genes. Which Hox genes that are active 

at certain regions gets determined from a gradient of factors produced in the 

most caudal and rostral regions, and the relative signal strength of these relate 

to cell position (Sagner and Briscoe, 2019). Similarly, cells in the floor plate 

of the neural tube produce the sonic hedgehog (shh) factor, while cells in the 

roof plate produce bone morphogenetic protein (BMP) and Wnt families re-

sulting in a multi factor gradient helping to set up 11 progenitor domains along 

the dorso-ventral (DV) axis in the spinal cord (Alaynick et al., 2011; Lai et al., 

2016; Lu et al., 2015) (Figure 1b). These domains are the dorsal progenitors 

dp1-6, the ventral progenitors p0-3 and the motor neuron progenitor pMN. 

Early on, these factors diffuse over the DV axis in an overlapping fashion, but 

as the neural tube grows, these factors become localized to the dorsal and ven-

tral regions respectively, further determining the fates of the cells close to the 

dorsal and ventral regions (Sagner and Briscoe, 2019). From embryonic day 

9.5 (E9.5) to E13.5 in mice, these progenitor cells divide and eventually be-

come postmitotic, still having markers from the eleven progenitor domains, 

these are now referred to the dorsal interneuron dI1-6 and ventral V0-3 and 

MN populations and constitute all neurons found in the spinal cord (Sagner 

and Briscoe, 2019) (Figure 1b). In the adult mouse, the spinal cord is divided 

up in the Rexed lamina I to X, with lamina I as the most dorsal lamina, and 

lamina IX as the most ventral (and lamina X is located at the central canal) 

(Rexed, 1964). It would be an easy mistake to assume that the most dorsal cell 

populations dI1-3 would be localized in the superficial dorsal horn. This is, 

however, not the case, as the newly born neurons migrate to their final settling 

position. During this time, axonal and dendritic processes begin to migrate and 

establish connections with other neurons and build the neural circuitry of the 

spinal cord (Lai et al., 2016) (Figure 1b). For instance, dI1-3 neurons migrate 

https://sciwheel.com/work/citation?ids=2240356&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7845556&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=918545,1347340,2240356&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=918545,1347340,2240356&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7845556&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7845556&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7845556&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11640656&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2240356&pre=&suf=&sa=0
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ventrally to settle in the intermediate grey. These neurons signal propriocep-

tive information from the spinal cord to the cerebellum and touch information 

towards the thalamus and are almost all excitatory neurons (Lai et al., 2016; 

Lu et al., 2015). dI4 neurons give rise to almost all inhibitory neurons in the 

dorsal horn, and these cells migrate dorsally to cover lamina I-V (Lai et al., 

2016). Similarly, dI5 neurons give rise to most excitatory neurons found in the 

superficial dorsal horn and covers lamina I-IV (Lai et al., 2016). Contrary to 

the dI4-5 neurons, the inhibitory dI6 neurons migrate ventrally and will even-

tually integrate into motor circuits (Lai et al., 2016; Lu et al., 2015). Most 

ventral progenitors remain in the ventral spinal cord apart from some V3 neu-

rons, which settle in dorsal lamina IV (Borowska et al., 2013) (Figure 1b). 

Recently, these settling positions were confirmed by mapping progenitor do-

mains to adult cell types which position in the spinal cord had been experi-

mentally determined (Russ et al., 2021). Here they also showed the dI3 popu-

lation give rise to more dorsal excitatory populations than previously expected 

(Russ et al., 2021). 

 

Figure 1. Development of the spinal cord and the final settling positions of neu-
rons. a) The neural plate invaginates to create the neural tube. Between the epithelial 
layer and the neural tube is the neural crest where the peripheral nervous system (PNS) 
is derived from. The neural tube develops into the spinal cord and the brain. b) The 
eleven progenitor domains are distributed along the dorsoventral axis. After birth, 
neurons will migrate to their final settling positions. Modified from (Lai et al., 2016). 

Before we delve deeper into the heterogeneity of neurons in the adult spinal 

cord, it is important to reflect over what features contribute to give a neuron 

its identity. The answer to this will be ever changing, depending on what tools 

are available. Theoretically, any neuron that serve a specific function in a cir-

cuit should be given a unique identity, such as a motor neuron innervating a 

https://sciwheel.com/work/citation?ids=2240356,1347340&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=2240356,1347340&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=2240356&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2240356&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2240356&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2240356,1347340&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3564347&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11770773&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11770773&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2240356&pre=&suf=&sa=0
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specific muscle fibre. The motor neuron might be transcriptionally indistin-

guishable from a motor neuron innervating another muscle; however, the con-

nectivity clearly separates them. Similarly, many neurons having indistin-

guishable transcriptomes can be positioned in different regions of the spinal 

cord and serve roles in different circuits. Hence, when discussing the cell types 

below, we will be referring to groupings of similar cells that we can discern 

using the current methods at hand, not a theoretically correct cell identity. 

The diversity of neurons in the adult spinal cord 

In an adult spinal cord, neurons originating from the eleven progenitor do-

mains are found. However, they have further diversified into several subtypes 

within each domain, establishing specific connectivity and settling positions. 

For instance, in a large scale single cell RNA sequencing (scRNA-seq) anal-

ysis of the dorsal horn of adult spinal cord in mouse, we found 15 distinct 

inhibitory neurons and 15 excitatory neuronal populations (Häring et al., 

2018) (paper I). Since we dissected out the dorsal horn specifically, these 

neurons mostly originate from dI4 and dI5 domains, with some neurons from 

dI1-3 and V3. The excitatory populations could be grossly divided based on 

expression of seven marker genes: cholecystokinin (Cck) (Glut1-3), neuroten-

sin (Nts) (Glut4), neurokinin B (Tac2) (Glut5-7), reelin (Reln) (Glut8-9), 

tachykinin precursor 1 (Tac1) (Glut10-11), pyroglutamylated RF-amine pep-

tide receptor (Qrfpr) (Glut12) and ELAV like binding protein 4 (Elavl4) 

(Glut13-15). The inhibitory populations could be divided based on five marker 

genes: galanin (Gal) (Gaba1-3), neurokinin B (Tac2) (Gaba4), neuropeptide 

Y (Npy) (Gaba5-7), calretinin (Calb2) (Gaba8-9) and complexin 1 (Cplx1) 

(Gaba10-15). Other large scale scRNA-seq projects have also investigated the 

heterogeneity among spinal cord cells (Sathyamurthy et al., 2018; Zeisel et 

al., 2018) and detected heterogeneity vastly exceeding the initial eleven pro-

genitor domains. Sathyamurthy et al. found 16 excitatory and nine inhibitory 

population attributed to the dorsal horn and an additional five excitatory, nine 

inhibitory and two cholinergic populations in the mid and ventral spinal cord 

(Sathyamurthy et al., 2018). Zeisel et al. found eleven excitatory and ten in-

hibitory populations in the spinal cord (Zeisel et al., 2018). Moreover, a fo-

cused analysis of the development of p1 progenitors into V1 interneurons by 

(Bikoff et al., 2016) found that 19 differentially expressed transcription factors 

and the spatial location of the neurons can differentiate up to 50 subtypes of 

V1 interneurons alone (Gabitto et al., 2016). Hence, even though high 

throughput scRNA-seq studies can detect a large heterogeneity among neu-

rons in the spinal cord, future studies need to include neuronal location and 

connectivity to better describe neuronal identity. Still, results from these large 

scale scRNA-seq analyses, especially the detected marker genes, can help with 

targeting these neurons for further investigation using in situ labelling or by 

https://sciwheel.com/work/citation?ids=5190528&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5190528&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5639332,4882665&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=5639332,4882665&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=4882665&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5639332&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1308894&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1293546&pre=&suf=&sa=0
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construction of novel transgenic animals expressing Cre recombinase (Cre) in 

these specific neuronal populations. 

Innervation of the spinal cord by primary afferent 

During development of the neural tube, the cells constituting the neural crest, 

which resides between the epidermis and neural tube, will contribute to the 

development of the peripheral nervous system (PNS), including the primary 

afferents residing in the dorsal root ganglia (DRG) (Le Douarin, 2004) (Fig-

ure 1a). The primary afferents are responsible for sensing the outer world and 

relaying information towards the central nervous system (CNS). Traditionally, 

these fibres have been classified based on their cell size, axon diameter, trans-

mission speed and degree of myelinisation. These are the A-, Aβ- Aδ- and 

C-fibers in order of fastest to slowest. The heterogeneity of primary afferents 

has recently become much better described due to scRNA-seq studies identi-

fying many molecularly defined subtypes (Li et al., 2016; Nguyen et al., 2017; 

Usoskin et al., 2015; Zeisel et al., 2018). By integrating transcriptomics data 

with previous studies in the field, many functional aspects of these subtypes 

have been clarified (Gatto et al., 2019). Among the C-fibers, there are cool 

sensing neurons expressing transient receptor potential cation channel sub-

family M member 8 (Trpm8), nociceptors expressing calcitonin gene-related 

peptide (CGRP) or mas-related G-protein coupled receptor member D 

(MrgprD), low-threshold mechanoreceptor (LTMR) neurons (pleasant touch) 

expressing tyrosine hydroxylase (TH) and pruriceptors expressing mas-related 

G-protein coupled receptor member A3 (Mrgpra3) or brain type natriuretic 

peptide (BNP/Nppb). Among the Aδ-fibers there are also nociceptors express-

ing CGRP and LTMR neurons expressing neurotrophic receptor tyrosine ki-

nase 2 (TrkB). The fastest fibres are the Aβ-LTMR neurons expressing neu-

rotrophic receptor tyrosine kinase 3 (TrkC) and the A proprioceptors ex-

pressing parvalbumin (PV) (Gatto et al., 2019). Primary afferents are pseu-

dounipolar neurons, with one branch of the axon reaching out to the skin or 

internal organs. This is where signals are detected, either through free nerve 

endings with specialized receptors expressed on the plasma membrane detect-

ing heat, cold, itch, inflammation and strong mechanical insult (the latter in-

volves interactions with nociceptive Schwann cells (Abdo et al., 2019)), or 

through specialized receptor organs providing high sensitivity to mechanical 

stimuli, such as indentation, stretching, vibration and hair deflection (Abraira 

and Ginty, 2013). The other branch of the axon innervates the spinal cord and 

terminates on various post synaptic targets in the dorsal horn and/or ascends 

to the brain stem, connecting the outer world to the CNS. Our knowledge of 

how different sensory modalities are transmitted through the spinal cord, and 

https://sciwheel.com/work/citation?ids=232098&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=81033,1476900,5639332,4590924&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=81033,1476900,5639332,4590924&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=6769837&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=6769837&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7313674&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=60355&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=60355&pre=&suf=&sa=0


 

 16 

how these modalities integrate with each other is an active field of research, 

and here we will investigate the path and circuitry of pruriception (itch). 

Spinal cord circuitry of itch 

Itch is detected in the skin (and mucosa of the eyes, ears, nose and genitalia 

(Golpanian et al., 2020)), either by chemical substances obtained from the im-

mune systems response to for instance a biting parasite, or from very light 

mechanical stimuli, as from a tick crawling on your arm. These modalities are 

referred to as chemical and mechanical itch, respectively, and is thought to be 

transmitted by parallel pathways (Figure 2). Different types of chemical itch 

are detected by specialized pruriceptors, such as the MrgprD-expressing C-

fibres responding to β-alanine-induced itch (Liu et al., 2012), MrgprA3-ex-

pressing C-fibres responding to chloroquine (CQ) and histamine (Ru et al., 

2017), as well as BNP-expressing C-fibres responding to interleukin 31 (IL-

31) and serotonin (HT-5) (Stantcheva et al., 2016). 

The excitatory itch pathway 

The most studied chemical itch pathway involves the release of BNP on neu-

rons co-expressing natriuretic peptide receptor A (Npr1) (receptor to BNP) 

and gastrin releasing peptide (GRP) (Mishra and Hoon, 2013). Release of 

GRP, in turn, activate neurons in the dorsal horn expressing the GRP receptor 

(GRPR), and these are critical for all chemical itch (Aresh et al., 2017; Sun 

and Chen, 2007; Sun et al., 2009). Sequentially, GRPR neurons contacts 

spino-parabrachial projection neurons using glutamate, transmitting the itch 

signal to supraspinal regions (Mu et al., 2017) (Figure 2, chemical itch). The 

source of Grp in the itch circuitry has been difficult to pinpoint, as GRP anti-

bodies possibly have cross reactivity with other antigens at high concentra-

tions (Barry et al., 2016; Solorzano et al., 2015) and mRNA levels of Grp in 

DRG neurons are too low to detect without using single molecule detection 

methods (Barry et al., 2016; Mishra and Hoon, 2013; Solorzano et al., 2015). 

Adding to the controversy, two new papers utilizing Grp-Cre lines came to 

different conclusions (Barry et al., 2020; Kiguchi et al., 2020). Barry et al. 

used a Grp-Cre knock in transgenic line to specifically ablate spinal Grp neu-

rons. These mice displayed no change in itch or pain responses compared to 

non-ablated mice. Using an intersectional knock out approach, they knocked 

out Grp specifically in the DRG and found that these mice demonstrated de-

creased responses to CQ-, SLIGRL- and BAM8-22-induced itch. This indicates 

a role of GRP in primary afferents in itch signalling. They further presented 

that the GRP protein is expressed in a subpopulation of MrgprA3 and Hrh1 

positive neurons, which could also include the BNP-expressing neurons as 

some of these are Hrh1 positive (Barry et al., 2020; Ma et al., 2020). Kiguchi 

https://sciwheel.com/work/citation?ids=11876475&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1379721&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5190640&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5190640&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3482333&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=416342&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1170129,695697,3672090&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=1170129,695697,3672090&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=4209554&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=696205,1414738&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=696205,416342,1414738&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=10115727,11849332&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=10115727,8329245&pre=&pre=&suf=&suf=&sa=0,0
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et al. used a Grp-Cre/tdTomato-lox approach to detect Grp-Cre neurons and 

found these in the spinal cord and to a much lower level in the DRGs. They 

also found GRP presence in the spinal cord using immunohistochemistry 

(IHC), but they did not investigate the DRGs. In summary, GRPR neurons 

integrate different types of chemical itch, and both BNP and GRP are needed 

to transmit different itch stimuli to the CNS. 

Mechanical and chemical itch has been considered two parallel pathways of 

itch. For instance, ablating GRPR neurons using bombesin-saporin reduce 

chemically induced itch without affecting mechanically induced itch (Bourane 

et al., 2015). However, new research using a higher concentration of 

bombesin-saporin can inhibit mechanical itch, indicating convergence of both 

mechanical and chemical itch on GRPR neurons (Chen et al., 2020). Mechan-

ical itch is transmitted by very sensitive Aβ-LTMR , that express the toll-like 

receptor 5 (TLR5), which in turn gives input to neurons expressing urocortin 

3 (Ucn3) (Pan et al., 2019). NPY-expressing neurons seem to gate the me-

chanical itch pathway (Bourane et al., 2015). Recently, the Neuromedin B 

(Tac2/NMB)-expressing neurons in the spinal cord were implicated as a spe-

cific mechanical itch subpopulation, which had monosynaptic inputs to GRPR 

neurons (Chen et al., 2020). They suggest that the Tac2 population is a sub-

population of the Ucn3 population (Chen et al., 2020), but as Ucn3 is ex-

pressed in the spinal Glut3 population and Tac2 is expressed in Glut5-7, this 

seems unlikely, and there might be a polysynaptic circuitry at play (Paper I) 

(Figure 2, mechanical itch). 

https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11771008&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7199358&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11771008&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11771008&pre=&suf=&sa=0
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Figure 2. Overview of the spinal itch circuit with focus on the NPY system. The 
canonical (excitatory) chemical itch transductions start with pruriceptors in the DRG, 
which projects to GRP-expressing interneurons. These in turn activate GRPR neurons, 
which activate spinobrachial projection neurons that sends itch signals to the brain. 
This circuit is under tonic inhibition by B5-I interneurons. Somatostatin can unlock 
this inhibition and is released onto the B5-I interneurons from peripheral and spinal 
sources. NPY interneurons are activated by counter stimuli such as scratching though 
mecano- and nociceptors in the periphery by either poly- or mono-synaptic connec-
tions. NPY acts to inhibit somatostatin release, hence locking the itch gate once more 
providing relief from the itch sensation. Mechanical itch is transduced trough UCN3 
neurons and NMB neurons and makes contacts onto GRPR neurons. Figure adapted 
from Paper III. DYN: Dynorphin, SST: Somatostatin, NF: neurofilament (mechano-
receptor), PEP: pepdidergic (nociceptor). 

Unlocking the itch circuit with somatostatin 

GRPR neurons receive tonic inhibition from dynorphin-expressing inhibitory 

interneurons expressing basic helix loop helix b 5 (Bhlhb5) during develop-

ment, called B5-I neurons. These will have to be inhibited for itch to be trans-

mitted through the spinal cord (Huang et al., 2018; Kardon et al., 2014). This 

process is called disinhibition, and is most likely achieved through the soma-

tostatin (SST)/somatostatin receptor 2A (SST2A) system (Fatima et al., 2019; 

Huang et al., 2018; Jakobsson et al., 2019) (Paper III) (Figure 2, B5-I). Both 

spinal and DRG neurons could be the source of the SST, as Nppb-expressing 

primary afferent co-express Sst (Usoskin et al., 2015), and ablation of SST-

expressing spinal interneurons is linked to decreased itch (Fatima et al., 2019; 

Huang et al., 2018). Therefore, inhibition of SST release would be one of the 

https://sciwheel.com/work/citation?ids=722213,4996974&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=6947339,10623789,4996974&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=6947339,10623789,4996974&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=81033&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=6947339,4996974&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=6947339,4996974&pre=&pre=&suf=&suf=&sa=0,0
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ways for scratching to alleviate itch. There are also a descending pathway 

from the primary somatosensory cortex to the dorsal horn of the spinal cord, 

which tonically activate inhibitory neurons in the spinal cord leading to inhi-

bition of itch signalling (Wu et al., 2021). In addition, locus coeruleus send 

noradrenergic projections directly onto GRPR neurons in the spinal cord and 

release of noradrenaline activates α1-adrenergic receptors, that facilitate in-

hibitory inputs to the GRPR neurons (Koga et al., 2020). It is interesting to 

speculate if these descending pathways can be used for socially induced itch 

sensitisation. For instance, if I see my friend covered in ants, I will become 

more sensitive to itch stimuli. From an evolutionary standpoint, this would be 

very beneficial.  

In summary, peripheral itch stimuli activate the excitatory pathway, and in-

hibit the B5-I neurons (disinhibition). Counter stimuli, such as scratching, ac-

tivate the B5-I neurons leading to inhibition of the excitatory itch pathway. 

Scratching an itch and the role of the NPY system 

One candidate population with features suitable for activation by counter stim-

uli are NPY-expressing neurons in the spinal cord. In the dorsal horn, this 

population is derived from the dI4 progenitor domain and is quite heterogene-

ous. However, they are also found in the ventral horn derived from dI6 inter-

neurons (paper VI). NPY-Cre neurons can be found numerously in lamina II-

III, as well as in lamina I, IV-VI and in the ventral laminae (Paper IV) 

(Bourane et al., 2015; Polgár et al., 2013). Importantly, the NPY populations 

do not overlap with the B5-I interneurons (Kardon et al., 2014). NPY neurons 

receive input from primary afferents, including neurofilament heavy (NFH) 

and ret proto oncogene (RET) positive DRG neurons, suggesting that mechan-

ical stimuli will activate some NPY neurons (Bourane et al., 2015) (Paper IV) 

(Figure2, NPY). Moreover, we found that Npy-Cre neurons seated in the spi-

nal cord receive input from other spinal interneurons and to some extent from 

supra-spinal regions (Paper IV). 

There are two NPY receptors detected in the spinal cord, the Y1 and Y2 re-

ceptors (Naveilhan et al., 1998). The Y1 receptors can be found on neurons in 

the spinal cord (Häring et al., 2018; Naveilhan et al., 1998; Zhang et al., 1999), 

and the Y2 receptors on the central terminals of BNP-expressing primary af-

ferents (Paper II) (Brumovsky et al., 2005; Usoskin et al., 2015) (Figure 2, 

Y2). Both receptors are G-protein-coupled receptors associated with Gi/o pro-

teins and activation of the receptor leads to hyperpolarization of the neurons, 

in other words inhibition (Acuna-Goycolea et al., 2005; Persaud and Bewick, 

2014). 

https://sciwheel.com/work/citation?ids=11154796&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11860545&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=591792,905998&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=722213&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=667905&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=667905,6599202,5190528&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=81033,696012&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3939796,11860603&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3939796,11860603&pre=&pre=&suf=&suf=&sa=0,0
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NPY was first implicated in the itch circuitry by Bourane et al. who estab-

lished that NPY neurons are needed to inhibit mechanical itch (Bourane et al., 

2015) (Figure 2, NPY). They found that ablating Npy-Cre neurons cause in-

creased spontaneous itch without increasing the sensitivity for chemical itch 

(Bourane et al., 2015). Later studies have implicated the NPY-Y1 system with 

mechanical (Acton et al., 2019; Gao et al., 2018), chemical (Gao et al., 2018), 

somatostatin-induced (Jakobsson et al., 2019) (Paper III) and morphine-in-

duced itch (Wang et al., 2021). We could further show that the NPY-Y2 sys-

tem was involved in chemical itch, most likely via inhibition of Y2 expressing 

pruriceptors (Ma et al., 2020) (Paper II) (Figure 2, NPY). 

Coordinating movement in fish and mammals 

The focus of this thesis is the spinal circuitry involved in itch. However, it also 

includes identification and characterization of neuronal populations using 

scRNA-seq. One of these populations is the doublesex and mab-3 related tran-

scription factor 3 (Dmrt3)-expressing dI6 interneurons, which has been found 

to modulate the gait of animals, such as horses, mice and zebrafish (Andersson 

et al., 2012; Del Pozo et al., 2020; Perry et al., 2019) (Paper VI). Dmrt3 neu-

rons are inhibitory neurons and provide premotor inhibition to coordinate 

movement, such as walking, running, or swimming. In limbed animals, such 

as mice, this coordination require inhibition on both sides of the body, as some 

muscles must relax, and others contract for each stride. In concordance with 

this, dI6 neurons in mice project both ipsilaterally and contralaterally (Griener 

et al., 2017). Furthermore, these projections can travel several segments in the 

spinal cord, coordinating a myriad of muscles needed for a specific gate. In 

animals such as the zebrafish, movement is performed by sending a contrac-

tion wave down one side of the body, in an alternating fashion. Here, only the 

contralateral side would need premotor inhibition, and this is exactly what has 

been found (Kishore et al., 2020). However, there are differences among con-

tralateral projection neurons, with early born neurons being active during ini-

tial escape responses and fast swimming, and later born neurons being active 

during slow swimming (Kishore et al., 2020). 

https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=905998&pre=&suf=&sa=0
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https://sciwheel.com/work/citation?ids=5422621&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10623789&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10248959&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=8329245&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=81102,7028290,8933566&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=81102,7028290,8933566&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
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https://sciwheel.com/work/citation?ids=9941171&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9941171&pre=&suf=&sa=0
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Aim 

Paper I 

The aim of this paper was to identify the molecular signature of neuronal cell 

types in the dorsal horn of the spinal cord in adult mice. Furthermore, to map 

these signatures back to the spinal cord tissue to understand the spatial distri-

bution of spinal cord cell types with respect to somatosensory modality and 

projection targets. 

Paper II 

The aim of this paper was to assess the contribution of the NPY-Y2 system to 

itch modulation for several different itch modalities using a pharmacological 

approach. Furthermore, to investigate the current scRNAseq data available for 

Y2 expressing primary afferents. 

Paper III 

This experimental review aimed to summarize the status of itch circuitry re-

search and to assess if blocking of the Y1 receptor by an antagonist could 

facilitate intrathecal somatostatin-induced itch. 

Paper IV 

This paper aimed to map and identify neurons presynaptic to the NPY-Cre 

neurons in the spinal cord. Specifically, presynaptic neurons in DRGs, spinal 

cord and supra spinal regions. 

Paper V 

This paper aimed to develop a method (scConnect) to identify putative con-

nections between cell types in scRNA-seq datasets. Furthermore, to validate 

the method by assessing the validity of suggested connectivity against known 
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biological connections. Finally, to provide this method as a tool for the scien-

tific community to use. 

Paper VI 

This paper aimed to thoroughly investigate the Dmrt3-expressing neurons in 

both zebrafish and mouse by specifically collecting these neurons for sequenc-

ing, and to compare and to contrast the heterogeneity and features between the 

two species. 
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Methodological considerations 

Mouse lines 

As with all animal work, one should always strive to replace the model if pos-

sible. To this date, no suitable substitute cell culture models for studying the 

circuitry of the somatosensory system exists, as that requires an intact nervous 

system. However, methods can be refined. For this reason, the mouse is a suit-

able model system, as genetic tools are well developed and allow highly in-

formative studies. Specific targeting of neuronal populations using mouse 

Cre-lines allows investigation of the itch circuitry in a precise way. Setting up 

more refined experiments also allows reduction of the number of animals in-

cluded in the studies. Mice share many important features with humans, such 

as the itch sensory system, allowing many findings to be translated to human 

health, as exemplified by studies on morphine-induced itch (Nguyen et al., 

2021). This is important as improving human health is the main ethical justi-

fication for performing these studies. 

All animal procedures were approved by the local animal research ethical 

committee (Uppsala djurförsöksetiska nämnd) and followed the Swedish An-

imal Welfare Act (Svensk författningssamlingar (SFS) 2018:1192), The Swe-

dish Animal Welfare Ordinance (SFS 2019:66) and the Regulations and gen-

eral advice for laboratory animals (SJVFS 2019:9, Saknr L 150). 

Neuronal tracing 

One of the most important features of a neuron is which other cells it contacts. 

This will dictate what circuitry it contributes to and what roles it can play. 

There are several methods to detect connectivity, and we have used two types 

in this thesis. For neurons sending long projections, injection of a specific 

chemical or virus in an area can map all neurons sending axons to that area 

due to retrograde transport of the chemical or virus (Figure 3a). Investigation 

of local circuits, however, requires Cre-expressing neurons and monosynaptic 

rabies tracing (Figure 3b). 

https://sciwheel.com/work/citation?ids=10425429&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10425429&pre=&suf=&sa=0
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Figure 3. Tracing methods for distal and local neuronal tracing. a) Retrograde 
tracing allows detection of neurons based on their projection target. Here viral retro-
grade tracing in the form of AAV2-retro, or chemical tracing in the form of CTB is 
injected in the parabrachial nucleus. Cells in the spinal cord projecting to this area are 
subsequently labelled and can be targeted. b) Monosynaptic tracing allows local trac-
ing from genetically targeted Cre-expressing neurons. 1, Helper virus infect neurons 
and in Cre positive neurons GFP, G-protein and the TVA receptor are expressed. 2, 
rabies virus infects TVA-expressing neurons and replicates in cells where the G-pro-
tein is expressed. The rabies virus also express mCherry in this cell. 3, new rabies 
virus particles infect presynaptic neurons. 4, the rabies virus express mCherry in the 
post synaptic neurons but cannot replicate as no G-protein is present. Schematic draw-
ing: Jon Jakobsson 

Investigating distal connectivity 

Some projection neurons in the spinal cord sends their axons through the an-

terolateral tract and terminates in different brain nuclei, such as the lateral par-

abrachial nucleus (LPb) for pain and itch sensations (Cameron et al., 2015; 

Mu et al., 2017). Locating these neurons in the spinal cord based on molecular 

markers is not possible, but with retrograde tracing we can specifically label 

them. Retrograde tracing is performed by injecting a chemical tracer such as 

cholera toxin subunit β (CTB) conjugated with a fluorophore into the LpB 

(Figure 3a). The CTB is transported retrogradely along the axon to the soma 

where the fluorescence can be detected. 

Recently, novel methods have been developed where an adeno-associated 

virus (AAV) such as AAV2-retro is used (Tervo et al., 2016). This virus in-

fects the neuron through the synapse and is then retrogradely transported to 

the soma where the genetic payload is translated. This allows introduction of 

other products than fluorescent proteins in the cells. For instance, one can ex-

press Cre, producing Cre positive cells based on their projection target, which 

https://sciwheel.com/work/citation?ids=698561,4209554&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=698561,4209554&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=2260360&pre=&suf=&sa=0
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can be used together with other Cre-dependent techniques, such as mon-

osynaptic rabies tracing. 

Investigating local connectivity 

Chemical and AAV2-retro based tracing labels neurons projecting to a spe-

cific area. If we want to investigate local circuitry within that area, other meth-

ods are required. One such method is monosynaptic rabies tracing which fa-

cilitates detection of neurons projecting to Cre positive neurons (Figure 3b). 

Rabies viruses infects cells by binding to receptors on the cell membrane 

using the glycoprotein of their envelope. This feature has been used to refine 

the virus to become a potent molecular tool. Monosynaptic rabies tracing uti-

lizes the attenuated rabies virus strain SAD-B19 (R) where the critical glyco 

(G)-protein gene has been removed (RΔG). G-protein is used to produce the 

rabies envelope, which is needed so the rabies can infect new cells. To further 

introduce specificity, rabies tracing using a pseudo typed rabies virus with an 

avian sarcoma and leukosis virus glycoprotein subtype A (EnvA) ensures that 

the initial rabies virus infection can only infect cells expressing the TVA re-

ceptor, which normally is only found in birds, and allows transfection of vi-

ruses utilizing the EnvA glycoprotein. By expressing the TVA receptor in spe-

cific cells using the Cre-Lox system, EnvA-RΔG can only infect Cre positive 

cells expressing the TVA receptor. Expressing the SADB19 G-protein to-

gether with the TVA receptor allows the rabies virus to package infection 

competent rabies particles. These will infect new cells through the synapse in 

a retrograde fashion, infecting pre-synaptic neurons. As these neurons do not 

express the G-protein, no new rabies particles can be produced, and the tracing 

stops after only one synapse, hence, monosynaptic rabies tracing. In practice, 

a Cre-dependent AAV helper virus that express the TVA receptor, green flu-

orescent protein (GFP) and a G-protein is injected to create starter neurons in 

a Cre-mouse line (Figure 3b, 1). Cre positive neurons now express the TVA 

receptor, which allows EnvA-RΔG to infect the starter neuron (Figure 3b, 2) 

and the rabies virus will express a fluorescent protein such as mCherry. The 

rabies virus will replicate its genome, which will be packed into new rabies 

particles using the G-protein expressed by the helper virus (Figure 3b, 3). The 

rabies can now infect presynaptic neurons but cannot spread any further as no 

G-protein is produced in the presynaptic neuron (Figure 3b, 4). At this stage, 

the starter neurons will express GFP and mCherry, whilst the presynaptic neu-

ron will only express the mCherry making it possible to distinguish these us-

ing a fluorescent microscope. 
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Single cell RNA-sequencing and analysis 

Arguably the most breakthrough technology when it comes to investigating 

cellular heterogeneity in the last 10 years, is high throughput single cell tran-

scriptomics. Initially, grouping cells with similar expression profiles and ana-

lysing their differentially expressed genes were enough to provide new marker 

genes and to provide insight into what make a specific subpopulation of cells 

special. Nowadays, the heterogeneity of most adult tissues has been mapped, 

and new waves of research focusing on the development of these populations 

together with spatial information of the cells are further providing insight into 

the cell’s origin and function. Combining scRNA-seq with other methods such 

as monosynaptic rabies tracing can further help to identify the cells under 

study, although this introduces significant methodological challenges (Study 

IV). 

Tissue dissection and dissociation 

There are currently three main sources of cells for single cell transcriptomics 

analysis. The most used is scRNA-seq (Figure 4), where whole cells are dis-

sociated from the tissue of interest and collected individually for sequencing. 

Dissociation involves both enzymatic digestion of the extracellular matrix and 

cell-cell adhesion molecules, and mechanical agitation to apply shear forces 

strong enough to separate cells, but weak enough to not disrupt the plasma 

membrane. This method retains all mRNA in a cell and is well suited for sen-

sitive sequencing methods. It is also possible to apply strong shearing forces, 

disrupting the cell membrane and instead collect the nuclei for RNA sequenc-

ing (snRNA-seq) (Figure 4). The nuclei do not contain as much mRNA as a 

whole cell but the intact nuclei can be collected from frozen tissue, allowing 

this method to map cells from frozen human samples. Due to the low amount 

of mRNA within a nucleus, this method works well with droplet based se-

quencing methods that are quickly saturated. Another technique that can be 

used is to manually pick cells of interest using fine glass pipettes, like those 

used for electrophysiology (Figure 4). In fact, this method can be combined 

with electrophysiology and cell filling (patch-seq), providing the transcrip-

tome of a cell together with electrophysiological properties and morphology 

(Fuzik et al., 2016). 

https://sciwheel.com/work/citation?ids=1305771&pre=&suf=&sa=0


 

 27 

 

Figure 4. Methods to go from tissue to sequence. Two main paths are used to in-
vestigate the tissue: dissociation to investigate single cells or nuclei from a suspension, 
or tissue sectioning to access living cells intact in the tissue or for spatial transcriptom-
ics. Cells from suspensions can be collected in wells or tubes using FACS. Plate based 
method adds barcodes to each well, whereas suspension methods utilize droplets or 
microfluidics. Following cell capture, libraries are created followed by next genera-
tion sequencing. Schematic drawing: Jon Jakobsson 
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Collecting cells for sequencing 

Cells collected for sequencing, either through manually picking or by dissoci-

ation into a single cell suspension can be used with different library prepara-

tion methods. The goal with a library preparation is to collect the mRNA in 

such a way that mRNA transcripts from the same cell can be identified after 

sequencing. This is made by synthesizing or attaching a specific barcode to 

the mRNA/cDNA. By placing single cells in wells of a 384 well plate using a 

fluorescence-activated cell sorter (FACS), cDNA synthesis and amplification 

can be performed without mixing the transcripts. By adding unique barcodes 

to each well, all wells can be pooled for sequencing. This method permits cap-

turing of all mRNAs and is therefore well suited for high sequencing depth, 

where genes with low expression levels should be detected (Paper IV and VI) 

(Figure 4, Smart-seq2). Other methods utilize microfluidics to separate and 

capture single cells from a single cell suspension. This makes it possible to 

image the cells before lysis, ensuring that only one cell is captured (Figure 4, 

C1 Fluidigm) (Paper I). For true high throughput experiments where thou-

sands or millions of cells should be analysed, cells can be captured in small 

reaction droplets together with a microbead containing a specific barcode 

(Figure 4, 10X). Here, library preparation is performed in the droplet and all 

captured transcripts can be pooled and sequenced. With this method many 

cells can be analysed but the number of captured mRNA molecules is limited 

by the number of poly T sites on the microbeads and is hence best suited to 

detect genes with relatively high expression levels. Moreover, some of these 

methods permits addition of a unique barcode on the mRNA/cDNA before 

amplification, so called unique molecular identifiers (UMI) and can combat 

biases arising from non-uniform amplification of cDNA before sequencing. 

Aligning and counting reads 

The output from the sequencing machines (Illumina) are strings of DNA code, 

and these will contain the barcode added to each well or the unique barcode 

found on each microbead, the UMI if applicable, and a segment of the cap-

tured cDNA (read) (Figure 5a). All reads that share the same barcode can be 

grouped and mapped to the genome. The more reads that align with a specific 

gene indicates that this gene was highly expressed, and if many different UMIs 

are detected for that gene, many different copies of the mRNA were present 

in the well or the droplet. The data can be summarized in a matrix where the 

columns represent different genes, and the rows represent different barcodes 

(Figure 5a). The values in the matrix represents the level of expression of a 

certain gene in a particular cell. There are many ways of representing the ex-

pression, but the most basic representation is the number of reads detected for 

a gene. If the method allowed for UMIs, the expression could be represented 

as the number of unique molecules detected for each gene or “counts”. What 
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output you have access to depends on the methods used for library preparation 

and sequencing (Figure 5a). 

 

Figure 5. Overview of pre-processing of scRNA-seq data. a) Reads from sequenc-
ing experiments gets sorted based on barcode and mapped to the genome. The number 
of reads or UMI get stored in a read/count matrix. b) Quality control filters out bar-
codes based on number of detected genes and percent of reads mapping to mitochon-
dria genes. c) After normalization of reads based on cell size and gene length (RPKM) 
the genes become comparable. d) Transformation of reads provide data that are more 
normally distributed. e) Batch correction remove variance depending on different 
batches, allowing detection of underlying biology (cell types). Schematic drawing: 
Jon Jakobsson 
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Quality control 

Regardless of method used, each barcode in the read- or count- matrix will 

need to pass a quality control, removing barcodes of poor quality. For exam-

ple, it can be empty wells/droplets with low number of detected genes, and/or 

low number of total reads. Sometimes two or more cells have been captured 

in a well/droplet and this “doublet” might then give an abnormally high num-

ber of detected genes or reads. Another feature that can be investigated is the 

ratio of reads from mitochondrial genes compared to genomic reads, this is of 

interest since damaged and stressed cells tend to have a high ratio of mito-

chondrial reads (Figure 5b). Note the distinction between barcodes and cells. 

Barcodes can represent an empty well, a doublet or a cell. From here on, we 

will describe the barcodes that has passed this quality control as cells. 

Normalization and transformation 

Technical variability in the capture and amplification efficiencies between 

cells can lead to differences in read depth. Normalization can combat this by 

assuming that all cells started with an equal number of mRNA molecules. One 

common approach is to normalize all reads to reads per millions (RPM), mak-

ing it possible to compare the relative gene expression between cells of differ-

ent sizes. These reads can also be corrected to account for the difference in 

gene length, as long genes will naturally have more reads, this is called reads 

per kilobase (of gene length), and combined with the size normalization RPM, 

reads per kilobase millions (RPKM) are achieved, which is a commonly used 

initial normalization (Figure 5c). There are more advanced normalization 

methods, and which method that are more appropriate to use depends heavily 

on the data and the way it was collected. One useful approach is to assess 

different methods using Scone (Cole et al., 2019), which can identify the best 

available method for the data in question. 

With the data cleaned and normalized, the next step is to log-transform the 

data to tackle the positive skewness of the data. Most reads/count in the matrix 

will be 0, and log (0) is not defined. To circumvent this, we can add one to 

each count/read so that log (0+1) = 0. This will make the data more suitable 

for downstream analysis methods that assumes normally distributed data (Fig-

ure 5d). 

Batch correction and data integration 

It is not always possible to collect all cells in an experiment on the same day, 

or in the case of plate-based methods, several plates might be needed. This 

introduces technical differences, also referred to as batch effects. Simple lin-

ear methods to account for differences between batches exists, such as Com-

Bat (Johnson et al., 2007) and the new ComBat-seq (Zhang et al., 2020), but 
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this correction will remove biological variance unless the experiment is care-

fully set up to include representation of all samples on all plates (Figure 5e). 

It is has recently become possible to integrate data from different experiments, 

or even laboratories using different sequencing techniques with nonlinear in-

tegration methods, such as mutual nearest neighbours (MNN) (Haghverdi et 

al., 2018), canonical correlation analysis (CCA) (Butler et al., 2018) and Har-

mony (Korsunsky et al., 2019). There are of course limitations, such as the 

need for at least partial overlap of cell types between the datasets. Even though 

batch correction and data integration in principle are similar types of opera-

tions, we make a distinction as integration methods can overcorrect simple 

batch effects, while performing well on dissimilar data. 

Dimensionality reduction and visualization 

Direct analysis of the matrix, which contain more than 25,000 genes (depend-

ing on the species and number of detected genes) is impractical, and reduction 

of the dimensions is necessary. If all information can be summarized in just 

two dimensions, all the cells can be plotted in a representative way, with sim-

ilar cells close to each other. To this aim, an initial feature selection will help 

to remove genes that would not be informative to determine the differences 

between cells, such as genes that only are expressed in very few cells, or 

housekeeping genes that are expressed in all cells at similar levels. Hence, we 

can select genes with high variability (variance) in the dataset, and effectively 

reduce the dimensionality of the matrix without losing much information. The 

matrix now contains 1,000-5,000 informative genes, and the variability in the 

data can systematically be summarized to fewer dimensions using principal 

component analysis (PCA). Given a matrix with n dimensions (genes), the 

PCA identifies the n-1 dimensional plane through the data that captures the 

largest part of systematic variance within the matrix and transform the data to 

be projected on that plane. Each dimension’s contribution to the transfor-

mation is captured as loadings and the transformation direction and distance 

for each cell is stored in the first component. This is repeated, systematically 

capturing smaller and smaller components of systematic variance in additional 

principal components, until no systematic variation (except random noise) re-

mains in the data. Given proper quality control and pre-processing of the data, 

each component will now represent features related to cell types or other bio-

logical processes. In general, 6 to 10 components capture most of the system-

atic variance contained in a scRNA-seq dataset. 

Visualization of scRNA-seq data takes the dimensionality reduction one 

step further and tries to capture cell-cell similarity or correlation in only two 

dimensions. The currently most popular method is call Uniform Manifold Ap-

proximation and Projection (UMAP) (McInnes et al., 2018), and is a non-lin-

ear method that clusters similar cells close to each other and keep similar clus-

ters close together allowing dissimilar clusters to be far apart. The ability of 

https://sciwheel.com/work/citation?ids=5027066&pre=&suf=&sa=0
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UMAP to produce an intuitive topology and the speed of the algorithm, ex-

plains its popularity over older methods such as t-stochastic neighbour em-

bedding (t-SNE) (Van der Maaten and Hinton, 2008). However, to find cells 

representing transition states between two populations, other methods, such as 

diffusion maps are better suited (Haghverdi et al., 2016). 

Cluster detection and annotation 

Eventually, the desire is to analyse groups of similar cells as a cluster or “cell 

types”, as this will reduce noise and provide better detection of genes for the 

cluster. Then statistical tests can be employed to find significantly differen-

tially expressed (DE) genes between clusters. There are two main families of 

clustering methods; those based on cell-cell distance matrices, and those based 

on k-nearest neighbours (KNN) graph representations (Andrews and Hem-

berg, 2018). One way of calculating a cell-cell distance matrix is to measure 

the Euclidean distance between cells in the principal component space. 

Groups of cells can then be identified using methods such a k-means, hierar-

chical clustering, or density clustering. One type of hierarchical clustering 

used in this thesis (Paper I) is called backSPIN (Zeisel et al., 2015). Back-

SPIN initially sorts the cell-cell distance matrix using the Sort Points Into 

Neighbourhoods (SPIN) method (Tsafrir et al., 2005) and then splits the ma-

trix into two groups by minimize the average distance between the cells of the 

groups compared to the average distance before the split. After the split, each 

gene is assigned to the group with the highest average expression of the gene. 

Each group is then again sorted using SPIN and split again. This continues 

until the split no longer decreases the average distances between the cells over 

a pre-defined threshold. The cell-cell distance matrix can also be used to create 

a KNN graph, where each cell represents a node, and edges are made to the k 

nearest neighbours. The parameter k is experimentally defined by the user and 

should scale with the number of cells in the experiment and the sizes of ex-

pected clusters. The resulting graph can then be clustered using highly opti-

mized community detection algorithms develop to find communities in large 

social media graphs or internet linking graphs. Currently, the Leiden algorithm 

is heavily used, and has been implemented in several scRNA-seq analysis 

tools (Traag et al., 2019; Wolf et al., 2018). 

Annotating clusters to determine cell identities is a difficult task involving 

manual investigation of literature to identify marker genes. These genes can 

be plotted onto the dataset, thereby identifying clusters with cell identity 

marker expression. One can also go the other way around and identify DE 

genes in the clusters and search for these in the literature to infer function and 

possible cell identity. However, thanks to recent advances, transcriptional at-

lases, such as the mouse CNS atlas (Zeisel et al., 2018), are available with 

curated cell identity labels. The atlas/reference dataset can be used to train a 
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classifier (type of machine learning (ML) algorithm) by providing gene ex-

pression profiles with corresponding cell identity labels (supervised classifi-

cation). This trained classifier can then predict labels on the dataset purely 

from the gene expression profiles. In general, data integration is needed to 

merge the reference atlas with the dataset to make the gene expression profiles 

comparable. Several ML algorithms such as support vector machines (SVM) 

(Alquicira-Hernandez et al., 2019), random forest (RF) (Tan and Cahan, 2019) 

or specifically developed methods for scRNA-seq, such as scmap (Kiselev et 

al., 2018) are used. However, when no fitting reference dataset is available, a 

tedious manual annotation step is still required. 

Using gene information to infer function 

scRNA-seq data contain information about gene expression, but there is so 

much information linked to each gene such as the protein produced, known 

regulatory interactions, pathways involved in, known functions in orthologous 

genes etcetera. Linking this data into analysis of scRNA-seq data can be crit-

ical to reach any kind of biologically meaningful conclusions. For instance, 

ligands and receptors interact with one another, thereby enabling communica-

tion between cells. There are thousands of known ligand and receptors pairs 

identified in different publications and there are databases such as the Guide 

To Pharmacology (GTP) (Harding et al., 2018), that help to curate and register 

such research. Including information regarding expressed ligands and recep-

tors together with known interactions between them in scRNA-seq analysis 

permits for the detection of putative interactions between cell identities (Pa-

per V). Furthermore, simultaneous studies of the transcriptome and the elec-

trophysiological properties of neurons using patch-seq (Cadwell et al., 2016; 

Földy et al., 2016; Fuzik et al., 2016) can identifying genes correlated by elec-

trophysiological features of neurons (Tripathy et al., 2017). These correlations 

can later be used to infer electrophysiological features of other neurons based 

on their gene expression. 

Future technologies in the transcriptomics field 

Although scRNA-seq has contributed vastly to basically all fields involving 

cells, analysis of tissues is still limited to an abstraction of different cell iden-

tities. Cells resides in tissues and interact with their neighbours forming local 

communities with local signalling. scRNA-seq fails to capture the location of 

cells in a tissue and how they interact with each other. A new field called 

spatial transcriptomics aims to remedy these shortcomings by identifying gene 

expression directly in tissue sections. There are currently three different ap-

proaches to spatial transcriptomics; next generation sequencing (NGS) based, 

in situ sequencing (ISS) based and in situ hybridization based (ISH) (Rao et 

al., 2021). 
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The first method utilizes application of barcoded probes as spatially defined 

dots on a glass slide. These probes can bind mRNA from the tissue section 

and after sequencing, the location of the mRNA can be inferred using the bar-

code. Hence, mapping the barcoded transcripts back to their known location 

provides a spatial representation of gene expression. At present, the resolution 

diameter of dot) is in the range of 100-55um (Ståhl et al., 2016), and each dot 

will capture transcripts from many cells. Improvements are made continu-

ously to the method and currently 10X genomics provide the Visium service 

as a commercial alternative. 

The second method utilize specifically designed probes containing bar-

codes that hybridize to a gene of interest. Using the padlock system and rolling 

circle amplification, a strong amplification of these probes is achieved. Using 

in situ sequencing, the barcodes can be sequentially read, with each barcode 

relating to a specific gene (Gyllborg et al., 2020). Here, subcellular resolution 

is achieved, but the trade-off is that only genes selected to the panel are inves-

tigated. However, this method can be used to detect thousands of genes in 

sequential runs. 

The third method utilize single molecule fluorescent in situ hybridization 

(smFISH). By using a clever barcode method, MERFISH can be used to detect 

thousands of genes by sequential smFISH runs (Chen et al., 2015). 

These three methods can contribute greatly to our understanding of how 

cells interact with each other. We will be able to utilize the knowledge we 

have gained from scRNA-seq experiments and add this to the spatial tran-

scriptomics data, as many of the cell identities have already been studied in 

detail. 
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Results and Discussion 

Paper I 

The dorsal horn of the spinal cord hosts a complex set of locally projecting 

interneurons and far-reaching projection neurons. Efficient targeting of mo-

lecularly distinct neuronal subtypes for genetic manipulation is crucial for fu-

ture research investigating functional aspect of the spinal cord. To identify 

these neuronal subtypes, we utilized scRNA-seq to map the dorsal horn heter-

ogeneity and further mapped these subtypes back to the tissue.  

Results 

Neurons were collected from the dorsal horn of the spinal cord from wild type 

mice (C57BL6N) using fluorescence activated cell sorting (FACS). Out of 

3,273 sequenced cells, only 712 were neurons, however, all neurons expressed 

either vesicular glutamate transporter 2 (Vglut2) (excitatory neurons) or vesic-

ular GABA transporter (Vgat) (inhibitory neurons). To increase the yield of 

neurons, more excitatory and inhibitory neurons were collected from Vgat-
Tomato and Vglut2GFP transgenic mouse lines. This strategy resulted in a com-

bined dataset of 1,639 neurons. Manual curation of clusters generated by the 

BackSpin algorithm identified 30 clusters, 15 excitatory (Glut1–15) and 15 

inhibitory (Gaba1–15) neuronal subtypes. A combination of two to three 

marker genes was assigned to each neuronal subtype, where presence and/or 

absence of the markers were used to deduce the cell population identity in situ. 

Mapping the location of each cell population back to the spinal cord using 

RNA-scope revealed a distinct layering of the cell populations throughout the 

dorsal horn. Comparing the expression of the commonly used projection neu-

ron marker tachykinin receptor 1 (Tacr1) to a marker specific to the Glut15 

population LY6/PLAUR Domain Containing 1 (Lypd1) on traced projection 

neurons, established Lypd1 as a superior marker for projection neurons and 

suggested that the Glut15 population contained projection neurons. Further-

more, functional involvement of neuronal subtypes could be identified for hot 

and cold stimuli. Activated neurons express immediate early genes such as 

Arc. Heat stimulation of the hind paw showed that Glut8–12 and Glut15, and 

Gaba9, 11, 14 and 15 got activated on the ipsilateral side. Cold stimulation 

activated Glut4, 8, 12 and 15 and Gaba6, 14 and 15 on the ipsilateral side. 
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Interestingly Gaba1–3 decreased on the ipsilateral side compared to the con-

tralateral side, indicating inhibition of tonic activity. 

Discussion and outlook 

This study provides novel markers for detecting specific neuronal subpopula-

tion in the dorsal horn of the spinal cord. Targeting cell populations is com-

monly done using transgenic lines expressing recombinases such as Cre-re-

combinase or Flp-recombinase, where Cre/Flp is expressed behind the promo-

tor of a cell-specific marker. Most lines that are used today labels more than 

one neuronal subtype and for specific targeting, combinatory use of two lines 

is necessary to achieve better specificity, such as a NpyCre/Ecel1Flp, which 

should label Gaba5 and 6. Note that even with two lines, we cannot separate 

between Gaba5 (Qrfpr-) and Gaba6 (Qrfpr+). Hence, only subpopulations that 

can be determined using two markers can be detected using two transgenic 

mouse lines. 

Methods such as RNAscope or ISS can be used to identify neurons labelled 

using tracing, or by activation, as shown in this study. Hence, atlases like the 

one produced in this study is invaluable for future spatial transcriptomics ex-

periments where either marker genes needs to be selected, or the knowledge 

of cell type composition in a tissue can help deconvolve expression from sev-

eral cells from one spatial dot. 

In this study, we identify one neuronal subtype related to spinal projection 

neurons (Glut15). Projection neurons are located throughout the spinal cord 

with distinct targets in different brain regions (Peirs et al., 2020) and therefore 

it is likely that this population is under-sampled and a focused study on the 

heterogeneity of projection neurons is warranted for. 

Paper II 

Previous research has linked the Y1 receptor to both mechanical and chemical 

itch (Gao et al., 2018). However, the role of the Y2 receptor is unexplored. 

Here we investigated the contribution of the Y2 receptor to several different 

itch stimuli. 

Results 

To assess the involvement of the Y2 receptor in different itch modalities, the 

Y2 agonist peptide YY (PYY(3-36)) were intrathecally injected 10 minutes be-

fore applying an itch stimulus. The itch phenotype was measured as the total 

duration of itching (duration), the number of itch bouts (frequency) and the 

mean itch bout duration (duration/frequency). For histamine-induced itch only 

the itch duration was significantly decreased in the PYY(3-36) treated group 
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compared with the saline injected control group. For 48/80-induced itch the 

duration and frequency were both decreased. Pre-treatment with the Y2 an-

tagonist BIIE0246 removed the effect of PYY(3-36) on 48/80-induced itch in-

dicating that the effect is through the Y2 receptor. Application of the antago-

nist alone significantly increased the duration/frequency of 48/80-induced 

itch, which suggests that endogenous antipruritic counter-stimuli pathways in-

volving the Y2 receptor were blocked. No treatment effect was found for non-

histaminergic itch modalities, such as α-methyl-5HT, SLIGRL or Chloro-

quine. There was also no effect on mechanical itch or persistent itch.  

Bioinformatical analysis of itch-related Y2-expressing primary afferents re-

vealed co-expression of IL-31 receptors IL-31 receptor A (Il31ra) and On-

costatin M Receptor (Osmr). In concordance with this observation, IL-31 in-

duced itch resulted in decreased duration and duration/frequency in the PYY(3-

36) treated group compared with the control group. 

Discussion and outlook 

Discerning the differences between itch induced through different pathways 

is very hard as it is not entirely clear how specific different primary afferents 

are to certain molecules. Furthermore, mechanical itch is proposed to be con-

ducted in a parallel pathway not involving the GRPR neurons in the spinal 

cord (Acton et al., 2019; Pan et al., 2019). Here we tested the effect of the Y2 

system on a wide panel of different itch modalities, but the panel was not ex-

haustive. We re-analysed previous published scRNA-seq data (Li et al., 2016; 

Usoskin et al., 2015; Zeisel et al., 2018) to better understand the cell types 

under study. This allowed us to include itch modalities such as IL-31, which 

we otherwise might have excluded from the project scope. 

Future pharmacology analysis could investigate leukotriene-induced itch 

phenotypes as this receptor was also expressed in the Y2-expressing primary 

afferents. 

Paper III 

NPY is involved in both itch and pain signalling and there are currently few 

reviews focusing on the role of NPY in itch signalling. Here we reviewed the 

current literature and provided novel data relating the Y1 receptor to somato-

statin-induced disinhibition. 
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Results 

In this paper, we reviewed the latest literature related to NPY in itch signal-

ling. We found that NPY had several potential targets, such as the Y1 express-

ing GRP neurons and UCN3 neurons. We also highlighted the importance of 

somatostatin in unlocking the itch gate through disinhibition. To investigate 

the contribution of the NPY-Y1 system to somatostatin-induced itch, we in-

trathecally injected the Y1 antagonist BIBO3304 ten minutes before adminis-

tering the SST2A agonist Octreotide. Compared with the saline treated con-

trols, antagonizing the Y1 receptor significantly increased the total duration 

spent scratching, indicating that endogenous NPY release became inefficient 

in inhibiting the canonical itch pathway in response to counter stimuli. 

Discussion and outlook 

Unlocking the itch gate with somatostatin leads to disinhibition allowing spon-

taneous activity to induce itch responses such as scratching (Huang et al., 

2018). The results in this study demonstrate that the NPY-Y1 system plays a 

role in inhibiting this spontaneous activity and blocking of the Y1 receptor 

makes the animal scratch for longer, suggesting decreased efficiency of coun-

ter stimuli to alleviate itch. Gene expression data suggest that this is facilitated 

through Y1 receptors on the Grp neurons (Häring et al., 2018) or on GRPR 

interneurons as 35 % of these express the Y1 receptor (Chen et al., 2020). 

Investigating cell populations from the Häring et al. dataset does not pro-

vide any clear-cut suggestions to which cell type that transmit GRP to GRPR 

in the form of itch signalling, as not all neurons in a cell type express the 

neuropeptide or receptor. This indicates that the populations involved in this 

circuit either are heterogeneous (involving cells yet to be identified) or are part 

of a smaller subset of neurons in the cell types detected. 

Future studies identifying the neurons that are active during different itch 

modalities, with and without counter stimuli could hopefully pinpoint the pre-

cise neuronal subtypes involved in this circuit. 

Paper IV 

Given the complicated role of NPY in spinal circuits, better understanding of 

which neurons provide input to spinal NPY neurons is needed. Here we inves-

tigated the NPY circuit using monosynaptic rabies tracing and scRNA-seq. 

Results 

The input to spinal NPY neurons contributes to modulate both itch and pain 

signalling. In this paper we wanted to identify the presynaptic neurons of 
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NPY-Cre neurons in the spinal cord, brain and DRGs using monosynaptic ra-

bies tracing in combination with transcriptomics. First, we assessed the earli-

est timepoint presynaptic neurons could be investigated. We found that after 

eight days of incubation, many presynaptic cells were detected and compared 

with wild type mice, only one out of 75 presynaptic neurons would be a false 

positive. The spatial distribution of starter neurons (rabies and helper infected 

NPY-Cre neurons) and presynaptic neurons were mapped. Highest concentra-

tion of both starter and presynaptic neurons were found at spinal segment L5, 

which also was the targeted injection site, and cells were found in decreasing 

levels reaching L2 to S1. Grouping the spinal cord into rostral (L2–L4), injec-

tion site (L5) and caudal (L6–S1) regions showed that NPY-Cre neurons la-

belled as helper (only helper virus) or starter neurons were found superficially 

in rostral and caudal regions but superficial and deeper at the injection site. 

Presynaptic neurons were detected in lamina II–V in all regions with a slight 

tendency to be more superficial at the injection site. The false positive neurons 

in the wild type were detected in the deeper laminae at the injection site and 

caudal regions. 

In the brain, 14 neurons were detected in NPY-Cre animals (n=2) and zero 

in the wild type controls (n=2). Four cells were detected in the primary motor 

area layer V. Furthermore, in one animal, three cells were found in the mid-

brain, and seven in the medulla. All rabies traced animals incubated longer 

than seven days in this study had visible presynaptic neurons in the DRGs 

around the injection site, validating that NPY neurons do receive monosynap-

tic input from primary afferents. 

To identify the presynaptic neurons traced in the spinal cord and in the 

DRGs, spinal cord and DRG from seven (n=3), eight (n=3), ten (n=2) and 

twelve (n=2) days incubated animals were sequenced. After dissociation of 

the tissue, presynaptic neurons were gated on size and fluorescence (compared 

with a wild type control) and sorted into sequencing plates for Smart-seq2 

library preparation. In total, 1,447 cells were sequenced and a total of 993 

passed initial quality control. Clustering of the cells resulted in six clusters and 

scoring of cell type markers revealed that most cells (cluster 0–3) had strong 

macrophage and microglia signals, cluster 4 had signals from Schwann cells, 

neurons and vascular cell, and cluster 5 had signals from T-cells. Genes related 

to neurons, such as NeuN was expressed in cluster 0–3 but at low levels. 

Discussion and outlook 

False positive neurons were not only rabies infected cells but also cells with 

high green signal, which caused the classifier to call them starter neurons. 

Generally, no green fluorescence was detected in the tissue, but the back-

ground signal in the green channel was quite high. This was especially prom-

inent around the injection site where scarring had occurred resulting in strong 

autofluorescence signal. 
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Future analysis in this study should include more animals for the brain trac-

ing study, as two animals was not enough to draw any conclusions. This anal-

ysis would most likely also benefit from longer incubation times as retrograde 

transport distance is much longer for supraspinal projections than for interspi-

nal projections, the distance the incubation optimization was performed on. 

Here we detected presynaptic neurons in the DRGs but did not employ any 

approach to identify these primary afferents. Immunohistochemistry against 

known DRG markers should be performed to replicate previous findings 

(Bourane et al., 2015).  

We were not able to identify the presynaptic neurons using scRNA-seq. 

There are several possible reasons for this. One is that the dissociation of cells 

might not have been sufficient to produce a single cell suspension, hence, the 

sorted cells would be multiples (resulting in several cells being sequenced at 

the same time). Adding to this, rabies infected cells activate the immune sys-

tem (Sun et al., 2019), which could explain the high number of phagocytizing 

cells detected as these would stick to rabies infected neurons. Supporting this 

hypothesis is the detection of both helper and rabies transcripts and neuronal 

markers among these cells. Another reason could be that we were sorting out 

microglia that had fully phagocytized neurons, hence, containing helper and 

rabies virus transcripts. It has been shown that aged microglia become more 

autofluorescent due to accumulation of lipofuscin vesicles (Xu et al., 2008), 

and this could explain why microglia were selected in the FACS, especially if 

they contain fluorescent proteins from the phagocytized neurons. 

Other approaches to detect the identity of the presynaptic neurons should 

be pursued. One of these approaches is in situ sequencing. We have currently 

established a panel of genes representing the marker genes in Häring et al. 

publication, as well as other cell type markers to identify microglia, astrocytes, 

and oligodendrocytes. We further included markers for the transgenic manip-

ulations that we perform, such as detection of mCherry and eGFP that should 

facilitate detection of helper, starter, and presynaptic cells. We hope that this, 

in combination with detection of immediate early genes such as c-fos can help 

us probe the contribution of specific neuronal subtypes to the activation of 

NPY neurons subjected to different stimuli. 

Paper V 

Single cell transcriptomics provide deep insight into the heterogeneity of cells 

in a tissue, but further analysis is needed to assess interactions between these 

cell types. There are databases linking receptors and ligands based on known 

interactions. Here we utilized such a database to find putative interactions be-

tween cell types in scRNA-seq data. 
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Results 

We developed a method (scConnect) to infer putative interactions between 

cell types in scRNA-seq datasets. We did this by linking cell types that express 

a matching ligand and receptor pair. Information about ligands and receptors 

are gathered from the GTP database, which includes information about the 

ligands and receptors (on a protein/molecule level) as well as interactions be-

tween them. Next, we designated gene(s) to proteins/molecules using either 

information from GTP or a manually curated set (for molecular ligands). Then 

by using the mean expression of genes in the cell types, we inferred the ex-

pression of ligands and receptors in each cell type. By iteratively assessing if 

a ligand expressed by one cell type had a matching receptor expressed in an-

other cell type, we created a list of such matches together with information of 

the emitter cell type and target cell type. Such a list can subsequently be used 

to construct a multi-directed graph, which was the way we represented the 

overall connectivity in the dataset.  

To test the ability of the method to detect known biological features, we 

investigated tissues from adult mouse brain (Saunders et al., 2018). We found 

that dopamine was mostly expressed in the substantia nigra tissue and its re-

ceptors D1 and D2 were found in the striatum and globus pallidus tissues. The 

dopamine to D1/D2 interactions were some of the most important interactions 

in the graph, demonstrating the ability of the method to detect these interac-

tions without prior knowledge. We further dissected out the dopamine path-

ways by investigating the cell types found in substantia nigra and striatum 

tissues. The strongest dopamine expression was found in substantia nigra pars 

compacta, and ventral tegmental area cell types. The strongest expression of 

the D1 receptors was found in direct spiny projection neurons and the strong-

est D2 expression was found in the indirect spiny projection neurons. This 

data fits well with different contribution of dopamine to the direct (D1) and 

indirect (D2) circuit of the basal ganglia. 

We subsequently applied this method to a human melanoma dataset (Tirosh 

et al., 2016). This dataset contains two types of malignant cell types; microph-

thalmia-associated transcription factor associated cells (MITF) and AXL re-

ceptor tyrosine kinase associated cells (AXL) cells, and resident cells such as 

T-cells, natural killer cells, macrophages, cancer-associated fibroblasts, endo-

thelial cells, and B-cells. Both malignant cell types received strong interaction 

via the C-X-C Motif Chemokine Ligand 12 to C-X-C Motif Chemokine Re-

ceptor 4 system from macrophages and endothelial cell types. This interaction 

had previously been implicated to promote growth and metastasis in malig-

nant melanoma, thereby validating this finding. Finally, we investigate inter-

actions that differed between MITF and AXL melanoma cell types. AXL cells 

produced ligands promoting tumour progression and metastasis, and both 

AXL and MITF cell types had receptors for these ligands. In conclusion, al-

most all identified interactions differentiating MITF and AXL cell types had 

https://sciwheel.com/work/citation?ids=5639567&pre=&suf=&sa=0
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previously been implicated in malignant melanoma, except for a few interac-

tions, which warrant further investigation.  

Discussion and outlook 

Here we developed a method to detect putative interactions between cell types 

identified in scRNA-seq datasets. The general premise is that cells that express 

a ligand can communicate with cells that express a receptor for that ligand. 

For local tissues, this is a sound postulation, but for neuronal datasets, the 

target cell type could be in a different tissue due to the long-range projections 

made by neurons and must be accounted for. 

In the mouse brain dataset, we demonstrated that the method could detect 

both known pathways and novel pathways. Hence, this method can be used 

prior to other in vivo or in situ work to produce insights or hypotheses. In the 

tumour dataset, we confirmed that scConnect can be used in human datasets 

and detect known and novel interactions. 

We compared scConnect to a recently published method called Cell-

PhoneDB and achieved similar results for the ligands and receptors that were 

shared between the databases. However, our method can also identify interac-

tions made with molecular ligands, such as glutamate, acetylcholine, and do-

pamine, which are critical for neuronal datasets. 

The current implementation of scConnect can be used to study expression 

of ligands and receptors and their interactions. Future implementations of 

scConnect could be used to detect possible interactions between cells/dots in 

spatial transcriptomics, thereby also allowing for local signalling to be visual-

ized. 

Paper VI 

The dI6 progenitor domain give rise to neurons expressing Dmrt3. These cells 

have been linked to modulation of locomotive gates in horses, mice, and 

zebrafish. However, it is not known if this group of neuronal subtypes is con-

served between zebrafish and mice. Here we investigated the Dmrt3-express-

ing population in both species using scRNA-seq. 

Results 

Dmrt3 lineage cells were collected from dmrt3a-GAL4/UAS-eGFP zebrafish 

and Dmrt3-Cre/tdTomato-lox mice using FACS and smart-seq2 sequencing. 

A total of 233 zebrafish cells and 354 mouse cells passed quality control and 

were clustered. After selecting clusters expressing markers for dI6 neurons 

and eGFP/tdTomato, we retained 119 dmrt3a cells for zebrafish and 274 

Dmrt3 cells for mouse.  
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Re-clustering of the zebrafish cells resulted in four clusters (ZF1–4) and 

these were named by birth order as assessed by expression of time correlated 

genes and cell transition predictions using Velocyto. In addition, the mouse 

cells were re-clustered, which resulted in six clusters (M1–6), also these were 

named by birth order based on gene expression and Velocyto.  

In zebrafish, we found mutually exclusive expression of estrogen related 

receptor β (esrrb) and calretinin (calb2b) in ZF1, 2, and 3, and wilms tumor 1 

(wt1a) in ZF4. These genes were also mutually exclusive in the mouse clusters 

with Esrrb in M1 and Wt1 in M2 and M3. However, most mouse cells were 

neither Wt1 nor Esrrb, indicating loss of expression or an expansion of cell 

types in mouse compared to zebrafish. IHC validation of these proteins in 

transgenic zebrafish and mice visualized that the proteins were mutually ex-

clusive but that the majority of WT1 and ESRRB positive cells were not 

Dmrt3 neurons. In zebrafish 7 % of dmrt3a neurons co-expressed Wt1 and 11 

% co-expressed calretinin. Similarly, 11 % of mouse Dmrt3 neurons co-ex-

pressed WT1, and 7 % co-expressed ESRRB. This result indicates that the 

translation of mRNA to protein of these transcripts are low, or that we have 

higher sensitivity in the scRNA-seq data than the IHC. 

All populations in both species were inhibitory neurons expressing GABA 

and glycine. Zebrafish populations had no neuropeptide expression whilst the 

mouse populations had significant expression of proenkephalin (Penk) (M1), 

pronociceptin (Pnoc) (M2–M6) and Npy (M4–5). Furthermore, all popula-

tions had mRNA expression of glutamate, glycine, and GABA receptors, but 

with varying subunit expression. Moreover, the early born clusters expressed 

gap junction channels indicative of fast electrical synapses. 

All zebrafish populations expressed roundabout guidance receptor 1 

(robo1), indicative of midline crossing whereas only M1–4 expressed Robo1 

in mice, indicating that early born neurons project contralaterally and late born 

neurons project ipsilaterally. Similarly, early born neurons (ZF1–3 and M1–

3) expressed down syndrome cell adhesion molecule (dscam), and late born 

neurons (ZF4 and M4-6) expressed down syndrome cell adhesion molecule 

like 1 (dscaml1) for self-avoidance and tiling. 

Interestingly, investigating expression of orthologous versions of DE genes 

of one species group in the other species showed that the early born groups 

correlated with each other, and that the late born groups correlated with each 

other. However, the M3 population had very poor correlation to any zebrafish 

population, and the late born M5–6 correlated due to high expression of the 

time correlating genes neuronal differentiation 2 and 6 (Neurod2/6). 

In conclusion, similar populations can be found in the two species, but the 

mouse has expanded the heterogeneity to include ipsilaterally projecting neu-

rons. 
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Discussion and outlook 

The birth order of both motor neurons and their respective Dmrt3 neurons 

correlates to the engagement of different swim speeds in zebrafish. Hence, the 

early born ZF1 population is likely involved in escape responses, and the late 

born ZF4 population in slow swimming. 

Differences in zebrafish and mouse locomotion require species specializa-

tion, such as ipsilateral connectivity in zebrafish, and ipsi-/contra-lateral con-

nectivity in mouse. Indeed, Robo1 needed for midline crossing is highly ex-

pressed in all zebrafish populations, whereas it is lacking from late born mouse 

populations M5–6, which suggested that M5 and M6 projects ipsilaterally. 

Expression of Npy in the late born mice populations provides yet another 

origin of Npy other than the dI4 progenitor line. This can be supported by data 

that revealed ventral NPY expression in the ablated dI4 progenitor line (Wild-

ner et al., 2013). It is known that some NPY neurons receive direct nociceptive 

and mechanical input (Bourane et al., 2015), but if this ventral population is 

one of these needs to be further investigated. 
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Summary and conclusion 

In this thesis, we identified the main neuronal subtypes in the dorsal horn of 

the spinal cord by sequencing thousands of neurons. These subtypes have later 

been used by the scientific community to target specific cell populations and 

have provided a common nomenclature bringing together research from dif-

ferent laboratories.  

We also discovered that one of these subtypes, the NPY neurons, contribute 

to the inhibition of itch through the Y1 receptors in the spinal cord and Y2 

receptors on central terminals of primary afferents. We are currently laying 

the groundwork to properly map the incoming pathways to these neurons from 

the periphery, spinal cord, and brain, using rabies tracing and transcriptomic 

approaches.  

To help in decipher these circuits, we developed a bioinformatic tool that 

links cell types sharing ligand and receptor pairs together and have provided 

this tool for the scientific community to use. 

Moreover, we decipher the differences between mice and zebrafish loco-

motor circuitry, showing an increase in subspecialisation of mouse Dmrt3 

neurons. 

Here we are combining several powerful tools to answer questions that previ-

ously were difficult to investigate, as cell identities were not established with 

sufficiently high resolution. I believe, that with the advent of spatial tran-

scriptomics where the cell location and the local environment are captured 

together with the depth of knowledge gained through scRNA-seq, great and 

vital contributions to the field of neuroscience will be made in the coming 

years. I will personally follow this development with great interest. 
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