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Summary

The neurons of the dorsal horn of the spinal cord are critically important components of neural
circuits for pain and itch. The vast majority of cells in this area are interneurons and these have
axons that remain in the cord and do not project to supra-spinal targets. It is likely that specific
classes of interneurons are functionally highly specialised to process specific somatosensory
modalities and mediate cross-modality interactions. However, we have a poor understanding
of the dorsal horn circuitry that underlies pain and itch sensation and defining functional
populations of interneurons remains a challenge. Dorsal horn excitatory interneurons display a
marked heterogeneity in terms of their lineage, morphology, physiology, neurochemistry,
transcriptomic identity and connectivity. A proposed class of lamina II excitatory interneurons
includes cells that express gastrin-releasing peptide (GRP), and these can be identified by the
expression of enhanced green fluorescent protein (EGFP) in a GRP-EGFP transgenic mouse
line. These cells are distinct from other defined neurochemical classes of interneuron in the
dorsal horn and have been proposed to act as secondary pruritoceptors in a labelled-line for
itch. The underlying hypothesis of the work presented here is that these cells are not simply
neurochemically distinct but rather represent a distinct functional population of excitatory
interneurons. We present a series of studies that aims to provide evidence for this by further
categorising these neurons in terms of their morphology, responses to stimuli, synaptic inputs

and molecular identity.

In order to investigate the morphology of GRP-EGFP cells, neurobiotin-filled neurons were
reconstructed following patch-clamp recording. Many of the GRP-EGFP cells were classed as
having central type morphology. As the majority of these cells also displayed transient firing
patterns, they are likely to represent ‘transient central cells’, which are a component of a
previously proposed circuit for tactile allodynia. We also compared the morphology of GRP-
EGFP cells to cells of another neurochemical class defined by the expression of substance P.
Substance P-expressing cells were revealed using virally mediated Brainbow labelling in the
Tac1™ mouse. Many of these cells had radial morphology. Additionally, the two populations
of neurons were shown to have distinct somatodendritic morphology using hierarchical cluster

analysis.



i
Furthermore, we aimed to determine the responses of GRP-EGFP cells to noxious and pruritic
stimuli using activity-dependent markers as surrogate measures of neuronal activation. Despite
observing a robust expression of Fos and phosphorylation of ERK following intradermal
injection of the pruritogen chloroquine, we found that GRP-EGFP cells were significantly less
likely to show these markers than other neurons. We also seldom observed phosphorylation of
ERK in GRP-EGFP cells in response to the pruritogen histamine or to a variety of noxious

stimuli.

The patterns of synaptic input to a cell have implications for function. Here the proportions of
synapses arising from specific classes of primary afferent neurons to the GRP-EGFP cells
were determined using an anatomical quantification technique. Excitatory synapses were
identified using the post-synaptic density protein Homer. We show that these cells receive
much of their excitatory synaptic input from MrgprA3/MrgprD-expressing
pruritoceptive/nociceptive afferents or from C-low threshold mechanoreceptors. Although the
cells were not innervated by a class of pruritoceptors that express brain natriuretic peptide
(BNP) most of them contained mRNA for NPR1, the receptor for BNP. These cells received
only around 10% of their excitatory input from other interneurons, and this is in stark contrast
to the equivalent proportion in SP-expressing cells, for which around 50% of excitatory

synapses arise from other local neurons.

Finally, recent transcriptomic studies have shown that mRNA for GRP is widely distributed
among excitatory interneurons in the superficial dorsal horn. This finding is at odds with
observations based on the GRP-EGFP mouse, which reveals a homogenous and distinct group
of neurons. We show using multiplex in sifu hybridisation that Grp mRNA is present in
several transcriptomically-defined populations including those expressing 7ac/, Tac2 and a
newly recognised class expressing Npff. However, EGFP is restricted to a discrete subset of
Grp-expressing cells in the GRP-EGFP mouse. These are different from those that express
Tacl, Tac2 and Npff, although some of them express Nmur2 and likely belong to a cluster
defined as Glut8.

Altogether, these findings demonstrate that the GRP-EGFP cells constitute a discrete
population of excitatory interneurons. In support of this we provide evidence of distinctive

somatodendritic morphology, and a characteristic pattern of synaptic inputs. Many of these



findings are consistent with the proposed role of these cells in itch circuits. However, the
functional implications of the mechano-nociceptive and low threshold inputs identified here

are still to be established

il
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1 Introduction

The somatosensory system allows animals to perceive both their internal and external
environments and respond appropriately. The sensations of pain and itch are fundamentally
important for survival, and permit organisms to avoid injurious or damaging stimuli.
Nociceptive and pruritic stimuli are transduced in the periphery by specific classes of primary
afferent neuron and the dorsal horn of the spinal cord is the site of their first synapse in the
central nervous system. Although this information may cause immediate nocifensive reflexes,
the spinal dorsal horn acts not simply as a relay site for these impulses but rather serves to
integrate and modulate this information before it is projected to higher structures and
ultimately perceived. The vast majority of neurons in the dorsal horn are interneurons with
axons that remain in the spinal cord, and these form circuits essential for the behavioural
expression of pain and itch. However, we have a poor understanding of the circuits that
underlie these phenomena, and this is fuelled by a marked heterogeneity of neurons in terms of
their lineage, morphology, physiology, neurochemistry, transcriptomic identity, and

connectivity.

Defining functional populations of interneurons remains a challenge and we must question
what defines neuronal diversity and how does this contribute to sensory coding and function?
This introduction comprises a brief summary of the anatomy of the dorsal horn, followed by a
critical appraisal of those characteristics that may allow classification of dorsal horn neurons
into distinct classes. The proposed circuits that these cells engage and their functional

relevance is highlighted.

1.1 Composition of the Dorsal Horn

The dorsal horn can be divided into six parallel layers based on differences in neuronal size
and density which occur in the dorso-ventral axis (Rexed, 1952). Laminae I (the marginal
layer) and II (the substantia gelatinosa) make up the superficial dorsal horn and appear
translucent due to the minimal levels of myelination in this area. The somas of lamina I
neurons are variable in size, and this thin layer is distinguishable from lamina II where small
neurons are densely packed. Lamina II can be divided into inner and outer bands (Ili & Ilo)

and the former may be further divided into a dorsal and ventral zone (Ilid & Iliv) (Abraira et



al., 2017). The deeper dorsal horn comprises the nucleus proprius (laminae II1-V), the neck
(V) and the base (VI). At the lamina III/IV border neurons become markedly heterogeneous in
size and lamina V is then distinguished by the presence of myelinated afferents forming a
reticulated area. Finally, lamina VI is characterised by smaller and more regularly arranged

cells than lamina V (Peirs et al., 2020).

Cutaneous primary afferent fibres have cell bodies which reside in the dorsal root ganglia, but
the central branches of their axons terminate in the dorsal horn. These afferents convey stimuli
which may be classed as innocuous, nociceptive or pruritoceptive, and these are transmitted by
generally distinct sensory neuron populations (more detail in 1.7.1). Primary afferent fibres
have classically been categorised by their size and degree of myelination. Large myelinated
AP fibres transmit innocuous touch, functioning as LTMRs, while small myelinated Ao fibres
and unmyelinated C fibres predominantly convey noxious and pruritic information. However,
this is an oversimplification, with multiple differentially expressed molecular markers
highlighting the diversity of these afferents (again see 1.7.1). However, these afferents
terminate in the dorsal horn in a highly ordered somatotopic and modality specific pattern
(Koch et al., 2018). In contrast to LTMRs which generally terminate in lamina III and deeper,
those afferents transmitting noxious and pruritic stimuli synapse in laminae I and II (Todd,
2010). This highlights the importance of the superficial dorsal horn in pain and itch

processing.

A minority of cells within the superficial dorsal horn have axons that project to the brain via
the anterolateral tract and are termed projection neurons. These are concentrated in lamina I
and are also present in the deeper laminae. The great majority of cells within the superficial
dorsal horn have axons that remain within the cord and are classified as interneurons. These
cells represent 95% of neurons in lamina I and virtually all neurons in lamina II (Bice and
Beal, 1997; Spike et al., 2003). Interneurons may broadly be classed as excitatory or inhibitory
based on the neurotransmitter they principally use. Excitatory neurons in the dorsal horn are
glutamatergic and express VGLUT2 (Todd et al., 2003), while inhibitory neurons use GABA
and/or glycine as neurotransmitters (Todd and Sullivan, 1990). Many inhibitory cells in the
superficial laminae use GABA and glycine as co-transmitters, while inhibitory cells using
glycine alone are more prevalent in the deeper laminae. Quantitative studies using technically

challenging immunostaining for GABA and glycine estimate that inhibitory cells account for



26% of neurons in laminae I & II and 38% of those in lamina III (Polgéar et al., 2013a).
Genetically modified mice expressing GFP in cells that express either GABA synthesising
enzymes or glycine transporters (GAD67 or GLYT2, respectively) have also been used to
identify these populations and their distributions (Punnakkal et al., 2014). Other investigators
have also used staining for transcription factors such as Pax2 and Lmx1b which identify
inhibitory and excitatory cells respectively (Del Barrio et al., 2013; Larsson, 2017) or in situ
hybridisation for mRNAs associated with each class (Figure 1-1) (Héring et al., 2018;
Gutierrez-Mecinas et al., 2019).

It is thought that integration and modulation of information in the dorsal horn is heavily reliant
on interneuron activity. This concept dates back to the gate theory of pain (Melzack and Wall,
1965) which proposed that the extent to which a stimulus produced pain was not just a
function of the magnitude of the signal in nociceptive specific primary afferents, rather this
activity could be modulated at the level of the spinal cord by non-nociceptive afferents. At the
centre of the gate control circuit lies an inhibitory interneuron which can be activated by the
large touch fibres resulting in feed-forward inhibition of the nociceptive input to the projected
output. Dorsal horn neurons display a notable heterogeneity in their characteristics (Todd,
2017), and given the now apparent complexity of the interneurons, the original gate theory
would appear to be an oversimplification. However, inhibitory interneurons are still thought to
have critical roles in the modulation of pain and itch behaviour; although the exact circuits
involved remain largely unknown (Foster et al., 2015). Circuits involving excitatory
interneurons are also important for the detection of itch and pain, and the development of
tactile allodynia (Wang et al., 2013; Xu et al., 2013; Duan et al., 2014). Beyond these broad
categories it is likely that some neurons of the dorsal horn are functionally highly specialised
to process specific modalities of pain and mediate complex cross modality interactions (Peirs
et al., 2020). What follows is an appraisal of the lineage, physiology, morphology,
neurochemistry, genomic identity, and connectivity factors that allow classification of
superficial dorsal horn neurons, and in particular those in lamina II, into functional

populations.



Figure-1-1. Distribution of Neurotransmitter Expression in the Dorsal Horn

The image shows a transverse section of the dorsal horn. Fluorescent multiplex in situ
hybridisation with probes against Slc/7a6 (VGLUT2), Gadl (GAD67) and Sic6a5 (GlyT2)
has been carried out. Excitatory neurons comprise approximately 75% of the superficial dorsal
horn neurons, and around 60% of cells in the deeper laminae. These can be identified by
VGLUT?2 expression. Inhibitory cells can be identified by expression of GlyT2 or GAD67.
Many inhibitory cells co-express GABA and Glycine as evidenced by GAD67 and GlyT2
expression, respectively. However, inhibitory neurons in the deeper laminae may be

exclusively glycinergic. Image courtesy of Dr David Hughes.



1.2 Developmental Lineage

The spinal cord is formed from the developing neural tube which arises following invagination
and closure of the neuroepithelium. The brain develops from the rostral parts and the caudal
portion becomes the spinal cord. The caudal neural tube differentiates in to a diverse array of
neuronal classes where dorso-ventral patterning is a major determinant of cellular identity (Lai
et al., 2016). A number of lineage tracing studies have sought to determine the combinatorial
patterns of transcription factor expression that define specific cell types. Neurogenesis occurs
between embryonic days 9 and 13 in the mouse and is initially directed by signals emanating
from the dorsal and ventral poles of the caudal neural tube which divide progenitors into 13
distinct domains ordered along the dorso-ventral axis. Each domain has a unique gene
expression program, with significant cross-repressive actions between TFs, which determine
the neuronal type generated (Jessell, 2000). Progenitors of the ventral horn are specified by
Sonic hedgehog, while BMPs and Wnts produced by roof plate cells specify the development
of six cardinal dorsal interneuron cell types (dI1-6). Amongst these, Class A neurons are
marked by the expression of Olig3 and depend on BMP and Wnt signalling (Miiller et al.,
2005). The progenitors that ultimately make up the superficial dorsal horn are termed class B
interneurons and which arise in a BMP independent manner and comprise the Lbx1-
expressing dI4 and dI5 and their later-born counterparts, the dILA and dILB interneurons
(Miiller et al., 2002). Inhibitory GABAergic or glycinergic interneurons arise from dI4/dILA
within which Ptfla is required for the expression of the transcription factors Pax2, Lhx1/5, and
Gbx1 (Glasgow et al., 2005). The excitatory glutamatergic interneurons of the dorsal horn
develop from dI5/dILB interneurons which express the Lmx1b and Tlx1/3 transcription
factors independently of Ptfla which antagonise Pax2 and result in an excitatory phenotype

(Guo et al., 2012; Xu et al., 2013).

Markers such as Pax2 and TIx3 can be used to distinguish inhibitory and excitatory cells,
although of these only Pax2 expression is retained in the post-natal animal. However, some
transcription factors expressed during development may be the basis for the differentiation of
more restricted cell populations. In the mechanosensory dorsal horn (lamina III-1V), a
combinatorial transcription factor code defines nine different post-natal populations of
interneurons (Del Barrio et al., 2013). No single transcription factor determined a cells’ fate

and Lbx1, RORp, MafB and c-Maf were expressed in both excitatory and inhibitory neurons,



highlighting the combinatorial nature of identity development. However, the authors
hypothesise that these molecularly distinct classes are functionally important, and this
characterisation sets the stage for dissecting mechanosensory circuits. In the superficial dorsal
horn, the dI4/dILA interneurons develop into inhibitory neurons which can express dynorphin,
galanin, NPY, nociceptin and enkephalin depending on Ptfla, indicating that these
neuropeptides are expressed in inhibitory neurons (Brohl et al., 2008). Furthermore, Brohl et
al. demonstrate that the factors Neurod1/2/6, acting downstream of Ptfla, are essential for
dynorphin and galanin expression, while NPY expression depends on Lhx1/5. This
demonstrates that developmental transcriptional networks can control both neurotransmitter
phenotype and peptidergic fate, and this may underlie the function of the resultant neurons. In
a further study, a genome-wide expression profiling approach in mice lacking the transcription
factors Ptfla and Ascll has been used to identify novel genetic markers for inhibitory dorsal
horn interneurons (Wildner et al., 2013). Ptfla is required for the development of all inhibitory
interneurons in the dorsal horn and hence Ptf1a’ mice lack these cells, while only late born
inhibitory interneurons are missing in Ascll”-mice. Gene expression in the dorsal horn was
compared between these mice and wild-type mice and the non-overlapping markers Tfap2b,
Rorb, Kcnip2 and pDyn were proposed as novel markers for distinct inhibitory interneuron

populations.

Developmental features such as transcription factors are attractive markers for functional
populations of interneurons. As they are unlikely to persist in the adult animal, genetically
modified strains may be required to investigate the function of these neurons, and the
combinatorial nature of TF action may make it difficult to easily untangle the provenance of a
particular cell type. That said, a number of examples of functionally distinct dorsal horn
neuronal classes have been linked to transcription factor expression (Ross et al., 2010; Roome
et al., 2020). Intriguingly, single cell transcriptomic analysis of the developing mouse spinal
cord has been conducted (Delile et al., 2019) and this data allows prediction of novel

transcriptional codes that should at least correlate with neuronal identity.

1.3 Electrophysiology

Dorsal horn neurons may also be categorised by their firing patterns in response to

suprathreshold depolarising current steps. Within the neurons of lamina I, four firing patterns



are recognised: tonic - which fire continuously but slowly, phasic (also termed transient) -
firing with a high frequency burst of variable duration, delayed — firing with an obvious delay
to the first spike, and single spike — characterised by a single action potential (Prescott and
Koninck, 2002). In lamina II interneurons, two additional firing patterns are recognised:

gap - which have a long first interspike interval, and reluctant which do not spike upon
depolarization (Yasaka et al., 2010). Reluctant and single spike patterns may represent an
extreme version of phasic firing. Different firing patterns relate to differential potassium
channel expression and distribution (Balachandar and Prescott, 2018), with delayed, gap and
reluctant firing patterns in excitatory lamina II neurons associated with A-type potassium
currents (Yasaka et al., 2010). As shown below, many experiments have dually established
firing pattern and somatodendritic morphology for lamina II cells, and some morphologies
have been associated with specific patterns. For example, tonic patterns are often attributed to
inhibitory interneurons. However the distinction is not all that clear as some subsets of
excitatory neurons may also show this pattern (Yasaka et al., 2010; Peirs et al., 2015).
Technical considerations such as recording condition or stimulus intensity may also alter the
firing pattern of a cell (Tadros et al., 2018), an example being delayed or gap firing becoming
tonic when resting membrane potential is held less negative (Yasaka et al., 2010). Patch clamp
electrophysiology also allows functional interrogation of cells beyond the determination of
firing pattern. Synaptic inputs, receptive fields and cell connectivity may be determined (see
1.7.3) and responses to receptor agonists and antagonists can be revealed. These techniques
can be used not only to validate findings of molecular and immunocytochemical studies (e.g.
verify a functional receptor is present) but to address whether a specific cell type possesses

attributes that may suggest it belongs to a functional population.

1.4 Neuronal Morphology

In many regions of the nervous system, diverse neuronal populations have been categorised by
their morphology (Parekh and Ascoli, 2013). Neurons of the dorsal horn may be classified by
their somatodendritic morphology and this was originally achieved using Golgi staining
(Gobel, 1978). However, most experiments which have provided information about cell
morphology have used ex-vivo whole cell patch clamp recording followed by anatomical
reconstruction. Because of this, morphology is often compared with electrophysiological

properties. The most widely used classification system for lamina II neurons was developed by



Grudt and Perl (2002) and comprises 4 major classes; islet, vertical, radial and central cells.
Each of these morphologies relates to dendritic arbors visualised in sagittal sections (Figure 1-

2).

Islet cells have characteristic complex dendrites which are elongated in sagittal plane and
extend distances greater than 400pm rostro-caudally in the rat despite limited dorsoventral and
mediolateral spread (Maxwell et al., 2007; Yasaka et al., 2007). The dendritic trees arborise
extensively within lamina II, the axon invariably remains within the dendritic tree. Islet cells
are consistently inhibitory and possess tonic firing patterns (Prescott and Koninck, 2002).
They receive monosynaptic primary afferent input from C-fibres and some also receive Ad
inputs (Grudt and Perl, 2002) While all islet cells are inhibitory, they do not account for all
inhibitory neurons (Heinke et al., 2004). Two neurochemical classes have been shown to
include islet cells; some of those expressing parvalbumin (Abraira et al., 2017; Boyle et al.,
2019) and the inhibitory calretinin population (Smith et al., 2015, 2019). However the
galanin/dynorphin, nNOS and NPY subsets of inhibitory interneurons are morphologically and
electrophysiologically heterogeneous (Ganley et al., 2015; Iwagaki et al., 2016).

Vertical cells, have previously been termed stalked cells (Gobel, 1978) and possess large
dendritic tress which extend ventrally in a cone shape. Their somas generally lie at the lamina
I/IT border, although dendrites may reach lamina III (Maxwell et al., 2007). The majority of
vertical cells are excitatory neurons, although a small inhibitory populations exists
characterised by smaller and less compact dendritic arbors (Yasaka et al., 2010). The axons of
excitatory vertical cells extend into lamina I and are presynaptic to ALT cells (Lu and Perl,
2005; Cordero-Erausquin et al., 2009). Vertical cells typically display tonic or delayed AP
firing (Prescott and Koninck, 2002; Yasaka et al., 2010), and receive inputs from Ad and C
fibres based on dorsal root stimulation experiments (Yasaka et al., 2007). However, the
presence of VGLUT]1 staining on dendrites supports the notion that they also receive input
from AB-LTMRs (Yasaka et al., 2014). A number of neurochemical classes may include
vertical cells including excitatory dynorphin and calretinin expressing cells (Smith et al., 2015;

Huang et al., 2018).



Figure-1-2. Morphological Classification of Lamina Il Interneurons

Examples of cells from each of the four main morphological classes of lamina II interneuron
as described by Grudt and Perl (2002). Islet cells have complex dendritic trees with extensive
rostrocaudal spread. Central cells are similar to islet cells in terms of shape, although they are
less extensive in the rostrocaudal axis. Radial cells have compact dendritic trees with primary
dendrites radiating in several directions. Vertical cells typically have a dorsally placed soma
and dendrites that fan out in a cone shape ventrally. Scale bar = 100 um, Modified from Todd
(2010)
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Radial cells possess short and compact dendrites which radiate in all directions and are

flattened in the mediolateral axis. Yasaka et al. (2007) propose using a RC:DV ratio of less
than 3.5 as a criterion for classifying these cells. Their axons arborise locally and also enter the
DLF. These cells are excitatory and display delayed firing (Yasaka et al., 2010). They receive
inputs from Ad (indirectly) and C fibres (Grudt and Perl, 2002; Yasaka et al., 2010).
Excitatory substance P-expressing cells in lamina II have been shown to have radial-type
morphology (Dickie et al., 2019) as have a sub-population of PKCy interneurons (Alba-
Delgado et al., 2015). Little is known about excitatory circuits involving radial cells, although

they may also undergo disinhibition in neuropathic pain (Imlach et al., 2016).

Central cells are similar to islet cells in that they have rostrocaudally orientated arbors,
although these are significantly less extensive than those of islet cells. The axonal plexus also
frequently extends beyond the dendritic tree, two types of central cell have been identified in
terms of firing pattern, which may be tonic or transient (Prescott and Koninck, 2002). There is
considerable heterogeneity within this cell type and central cells may be either excitatory or
inhibitory in roughly equal proportions (Yasaka et al., 2010). In terms of inputs, They receive
excitatory input from C fibres (Grudt and Perl, 2002; Yasaka et al., 2007). One third of PKCy
interneurons, have been shown to have central morphology (Alba-Delgado et al., 2015) along

with a number of calretinin-expressing cells (Smith et al., 2015).

Classification according to morphology may have some role in identifying functional
populations. As described above, there is a significant association between morphology and
firing pattern, and this should govern at least some of a cell’s functional role (Prescott and
Koninck, 2002; Yasaka et al., 2010). Additionally, dendritic and axonal distribution inevitably
has some bearing on the potential inputs and outputs of a cell within a dorsal horn arranged in
a modality specific laminar pattern. However, around 25% of lamina II cells are unclassified
according to this system (Grudt and Perl, 2002; Yasaka et al., 2010). Furthermore, recent
transcriptomic studies which assign neurons to clusters have revealed the rich diversity present
in dorsal horn neurons, while conversely, performing unbiased clustering based on
electrophysiological and morphological parameters results in a number of clusters which falls
well short of those predicted by molecular techniques (Browne et al., 2020); this suggests a
limited ability of these schemes to detail the true heterogeneity in dorsal horn neurons.

However, paired recording from cells has enabled important neural circuits defined by
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morphology to be elucidated. For example, Lu et al. (2013) propose a circuit which conveys

AP input from PKCy interneurons to lamina I ALT neurons via transient central cells and then
vertical cells. The PKCy connection is usually held silent under strong glycinergic control, but

this is removed in nerve injury allowing low threshold information to activate the nociceptive

pathway (Lu et al., 2013).

1.5 Neurochemistry

An alternative approach to neuronal classification has been to use the expression of
neurochemical markers such as neuropeptides, transcription factors, receptors, and calcium
binding proteins to define populations (Todd, 2010, 2017). Some markers, such as dynorphin
or enkephalin are present in both excitatory and inhibitory neurons (Marvizén et al., 2009) but
many markers are localised to one class, e.g. somatostatin which is present only in excitatory
neurons (Duan et al., 2014; Chamessian et al., 2018). As it is likely that neurons of the dorsal
horn are highly specialised, the neurochemical markers chosen to define populations should
reflect this granularity. The expression of markers, such as somatostatin and calretinin (Duan
et al., 2014; Petitjean et al., 2019) have been suggested as defining features of functional
populations despite being expressed in a high proportion of dorsal horn excitatory interneurons
(Gutierrez-Mecinas et al., 2016a, 2019b). In terms of defining functional populations with
adequate resolution to interrogate circuits meaningfully, these subsets of cells are undeniably
mixed in terms of their neurochemical makeup. Notably however, neither calretinin nor
somatostatin are expressed in ALT neurons. Therefore, studies that have investigated the
effects of manipulation of these broad classes of cells have demonstrated the importance of
dorsal horn interneurons for the expression of pain and itch phenotypes. Ablation of
somatostatin-expressing neurons results in the loss of acute mechanical pain behaviours and
these mice also fail to develop tactile allodynia following either neuropathy of inflammation
(Duan et al., 2014). Optogenetic activation of somatostatin-expressing cells causes nocifensive
and aversive behaviours while chemogenetic inhibition increased withdrawal thresholds and
reduced allodynia in inflammation (Christensen et al., 2016). Additionally, somatostatin-
expressing neurons may have a role in the transmission of chemical itch (Fatima et al., 2019).
Chemogenetic activation of calretinin-expressing cells reduced mechanical thresholds and

resulted in nocifensive behaviour (Peirs et al., 2015; Petitjean et al., 2019; Smith et al., 2019).
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These cells were also shown to be directly connected to lamina I ALT cells (Smith et al.,

2019).

One must bear in mind that defining a population is not simply a function of the expression of
a particular peptide marker (Smith and Ross, 2020). Rather, investigations are required to
provide evidence that cells have a homogeneous pattern of anatomical, electrophysiological
and behavioural features which collectively represent a signature enabling them to function as
a distinct class. In a seminal study, this approach has led to the identification of 11 separate
classes of neuron in the LTMR recipient zone in lamina III of the dorsal horn (Abraira et al.,
2017). These authors propose an integrative model where touch processing begins at the
earliest stages of sensory neuron input into the LTMR recipient zone. Using genetic tools, they
identify 7 excitatory and 4 inhibitory neuronal subtypes and document their properties,
alongside conducting functional studies to demonstrate essential roles in touch perception.
Non-overlapping neurochemical classification schemes have also been proposed for both
excitatory and inhibitory interneurons in lamina II (Gutierrez-Mecinas et al., 2016a; Boyle et
al., 2017). Within the excitatory cells, a scheme involving restricted expression of 6
neurochemical markers defines around 75% of dorsal horn cells (Figure 1-3) (Gutierrez-
Mecinas et al., 2019a). These markers are substance P, neurotensin, cholecystokinin,
neurokinin B and neuropeptide FF together with EGFP expression in a GRP-EGFP mouse line
(Figure 1-3). Each of these categories and their functional relevance will be discussed below

(with the exception of NPFF, which is the subject of paper III of this thesis).

One advantage of neurochemical classification compared to previous electrophysiological or
morphological schemes is the potential to use molecular genetic techniques to manipulate the
function of the neurons and hence elucidate their roles in circuits. Expression of recombinases
in specific cell populations driven by the defining neurochemical promotors may be used to
facilitate neuronal silencing, activation and ablation via systems including
chemogenetic/optogenetic agents and toxins (Graham and Hughes, 2019). A number of
examples of these techniques are evident in the literature investigating the functional roles of
dorsal horn interneurons, and these are highlighted where relevant in the discussion of
individual classes below. However, confusion may arise depending on the methodology used
to manipulate the cell types, and one particular issue can be the inadvertent manipulation of

cells which do not express a particular marker in adulthood but rather do so during
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development. In these cells, developmental Cre expression leads to recombination and

expression of floxed reporters, ion channels or receptors which then persists in adulthood.
Where transient expression influences the cell type selected for, it invariably increases the size
and potentially the heterogeneity of the population (Branda and Dymecki, 2004), and these
studies should term their classes differently using the term ‘lineage’ (Serafin et al., 2019). The
effects of transient expression can be avoided by either inducing Cre recombinase activity
(Feil et al., 1997), or injecting viruses containing Cre-dependent constructs in the mature
animal (Foster et al., 2015). Also, of note when interpreting the results of functional studies is
the potential for the method of activation (e.g. ionotropic vs metabotropic constructs) to effect

the sensory modality perceived following stimulation (Sharif et al., 2020).



14

Gluts-7

PKCy
Glut4

Glut2

Glut10-77

Figure-1-3. Neurochemical Classification of Superficial Dorsal Horn Excitatory Interneurons
Pie chart showing the relative sizes of different neurochemical classes of excitatory
interneurons in laminae I & II of the mouse dorsal horn. NKB, NTS, CCK, Substance P, NPFF
and GRP-EGFP form largely non-overlapping populations. Many of the cells which express
NTS and some that express CCK and NKB are PKCy immunoreactive. Each of these
populations, with the exception of the GRP-EGFP cells, correspond to clusters identified in
Haring et al. (2018) and these are shown in red. Adapted from Gutierrez-Mecinas et al. (2019)
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1.5.1 Gastrin-releasing Peptide expressing Interneurons

Gastrin-releasing peptide is a bombesin-like peptide which is biologically active and has been
shown to affect many biological processes both in the gastrointestinal tract and in the central
nervous system (Ramos-Alvarez et al., 2015). Bombesin and other bombesin-like peptides
were originally isolated from the European frog (Rana temporaria) between 1970 and 1990
(Erspamer, 1988). While bombesin itself is not present in mammals, a number of mammalian
bombesin-like peptides have been discovered. These include the 27 amino acid peptide GRP
(GRP1-27), several forms of neuromedin B (NMB1-32, NMB2 32, and NMB23-32) and the
decapeptide COOH terminal of GRP (GRPis-27) which is termed neuromedin C (McDonald et
al., 1979; Minamino et al., 1984). Bombesin and GRP share their 7 peptide COOH terminal,
which is the biologically active end of the peptide. NMB contains a portion of these amino
acid residues but more closely resembles the amphibian peptides, ranatensin, and litorin (Lin

et al., 1995).

The source of GRP in the dorsal horn of the spinal cord has been the topic of significant and
longstanding controversy. While it is broadly accepted that GRP is expressed by dorsal horn
interneurons and not primary afferent fibres in naive mice, some studies continue to challenge
this view (Barry et al., 2020; Chen and Sun, 2020). Early immunohistochemical studies
consistently demonstrated that GRP was expressed in a subset of small DRG neurons (Sun and
Chen, 2007; Takanami et al., 2014), and consistent with this, that dorsal root rhizotomy
significantly reduced GRP immunoreactivity in the ipsilateral dorsal horn (Zhao et al., 2013).
However, these findings may have resulted from cross-reaction of GRP antibodies with
substance P (Goswami et al., 2014; Gutierrez-Mecinas et al., 2014; Solorzano et al., 2015) and
these studies additionally confirm that GRP is localised to dorsal horn interneuron terminals
and refute the finding that rhizotomy or TRPV 1+ ablation alters dorsal horn GRP
immunoreactivity (Wada et al., 1990; Solorzano et al., 2015). Molecular studies using in situ
hybridisation have shown that mRNA for GRP is expressed in dorsal horn cells and not in the
DRG (Fleming et al., 2012; Mishra and Hoon, 2013; Solorzano et al., 2015), although this has
been contested (Liu et al., 2014; Barry et al., 2016). Additional gPCR and bulk next-gen
mRNAseq studies have localised Grp expression to the dorsal horn and not the DRG (Mishra
and Hoon, 2013; Goswami et al., 2014). Furthermore, large single cell transcriptomic datasets

have consistently failed to demonstrate expression of mRNAs for GRP in the DRG, while
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demonstrating expression in dorsal horn cells (Usoskin et al., 2015; Li et al., 2016;

Sathyamurthy et al., 2018; Héring et al., 2018; Zeisel et al., 2018). BAC transgenic mice
which express either EGFP or Cre under control of the Grp promotor can be used to directly
label GRP-expressing neurons, and these are present in the dorsal horn but not the DRG
(Mishra and Hoon, 2013; Gutierrez-Mecinas et al., 2014; Sun et al., 2017; Albisetti et al.,
2019; Pagani et al., 2019). However, a recent study using a GRP-Cre mouse produced using a
potentially more faithful knock-in strategy, demonstrates putative GRP-expressing cells in
both the DRG and spinal cord and argues that the DRG cells are more functionally important
for itch transmission (Barry et al., 2020).

Using a GRP-EGFP mouse from the GENSAT project (Gong et al., 2003), studies have
demonstrated that the cell bodies of GRP-EGFP cells are present predominantly in lamina II
(Mishra and Hoon, 2013) and that they do not express Pax2 and are excitatory interneurons
(Gutierrez-Mecinas et al., 2014). Furthermore, GRP-EGFP axonal boutons frequently express
VGLUT?2 and not VGAT (Gutierrez-Mecinas et al., 2014). It has been estimated that these
GRP-EGFP cells make up 11% of all neurons in laminae I & II, which would correspond to
approximately 15% of excitatory neurons in that area (Gutierrez-Mecinas et al., 2016a). While
59% of GRP-EGFP cells in laminae I & II were shown to express somatostatin, this
population does not show significant overlap with those expressing neurotensin, neurokinin B,
substance P, or cholecystokinin (Gutierrez-Mecinas et al., 2016a; Gutierrez-Mecinas et al.,
2019). Interestingly, GRP-EGFP neurons are often weakly stained for the pan-neuronal
marker NeuN, suggesting they belong to a unique developmental population. There has been
some suggestion in the literature that BAC transgenic mice used to label GRP-expressing cells
may not capture all cells that express mRNA for the peptide, with only 25% of mRNA
containing neurons being Cre-positive in one study (Albisetti et al., 2019), and this apparent

discrepancy has not yet been resolved.

GRP and its receptor, GRPR, have been strongly implicated in the transmission of pruritogen
induced itch signals in the dorsal horn. In a seminal study, Sun and Chen (2007) showed that
mice lacking GRPR showed significantly reduced responses to a variety of pruritogens but
normal responses to painful stimuli. In agreement with this, the intrathecal injection of GRP
elicited scratching, while antagonists markedly reduced responses to pruritogens in both mice

and primates (Sun and Chen, 2007; Lee and Ko, 2015). A subsequent study where GRPR-
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expressing cells were ablated using intrathecal bombesin-saporin also resulted in specifically

reduced itch behaviours in response to pruritogens with no evident changes in nocifensive
responses (Sun et al., 2009). Supplementary data in this follow-up study also highlighted that
in mice lacking GRPR, it is non-histaminergic itch responses which are more affected when
compared to those responses following the injection or endogenous release of histamine. This
is consistent with the findings that non-histaminergic itch behaviour in mice could be reduced
by the administration of GRPR antagonists, while this had little effect on scratch bouts elicited
by histamine (Akiyama et al., 2014). Further studies using both GRPR and NMBR knock out
mice have, again demonstrated the necessity of GRPR for CQ-induced scratching but have
also found that GRPR may upregulate and compensate for the loss of NMBR in non-
histaminergic itch (Zhao et al., 2014). Also, of interest in this study is the finding that GRP
may also exert its itch inducing actions via NMBR+ neurons, albeit to a lesser extent than via
GRPR+ neurons. Although these pathways are thought to be distinct by other authors
(Sukhtankar and Ko, 2013).

Given the importance of GRP-GRPR signalling and the majority view that the source of GRP
in the dorsal horn is a subset of interneurons, the function of these cells has been interrogated
in a number of studies. In a series of experiments involving saporin based ablation and
pharmacological activation, Mishra and Hoon (2013) propose a model where GRP-expressing
cells act as secondary pruritoceptors in a labelled line for itch (Figure 1-4). A specific subset
of TRPV1-expressing, itch specific primary afferents signal by releasing BNP (also termed
NPPB) in the superficial dorsal horn (Huang et al., 2018). BNP acts on GRP-expressing cells
via the BNP receptor NPRA, which in turn activates these cells and causes the release of GRP
(Mishra and Hoon, 2013). Consistent with this, localised spinal ablation of GRP neurons
reduces itch behaviour in response to a variety of pruritogens while chemogenetic excitation
provoked spontaneous itch-like behaviours and facilitated the response to pruritogens
(Albisetti et al., 2019). Responses to painful stimuli were not altered. These authors also
demonstrated that GRP-expressing cells receive direct monosynaptic inputs from another
pruritoceptive primary afferent subtype, those C-fibres expressing MrgprA3 (Han et al., 2013).
The same group have also investigated the signalling mechanisms which link GRP+ with
GRPR+ cells, demonstrating the importance of peptide release alongside glutamatergic
signalling in itch transmission (Pagani et al., 2019). Initially Pagani et al. (2019) conducted
electrophysiology recordings from GRP-EGFP cells while optogenetically stimulating
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MrgprA3 pruritoceptors. Surprisingly, single pulse stimulation of the primary afferents

resulted in bursts of action potentials in the GRP+ neurons. The authors then optogenetically
stimulated GRP+ cells while recording from GRPR+ cells. While single pulses of activity in
the GRP+ cells were not sufficient to drive APs in the GRPR+ cells, simulated burst activity in
the GRP neurons led to gradual depolarisation of the GRPR neurons followed by AP firing
which persisted for minutes after synaptic stimulation stopped. This depolarisation continued
in the presence of glutamate receptor antagonists but was abolished by GRPR antagonists, thus
emphasising the role of peptidergic signalling at this synapse. The investigators were then able
to confirm their findings in freely moving animals using fibre optic activation of GRP+
neurons by showing that only burst stimulation was associated with aversive behaviours.
Consistent with these findings, Sun et al. (2017) also show in an isolated DRG and spinal cord
preparation that pruritic stimuli activate GRP cells. However, they also show that these cells
are strongly activated by painful stimuli and that GRP cells activate enkephalinergic
interneurons which act as a feedforward inhibitory mechanism to decrease the magnitude of
strongly painful stimuli. Consistent with this model, the global ablation of GRP cells
decreased itch while increasing the magnitude of pain responses (Sun et al., 2017). However,
using a different mouse line, as mentioned above, Barry et al. (2020) did not find any effect on
itch or pain responses following ablation of spinal GRP+ neurons, in contrast to ablation of

DRG GRP+ cells, which resulted in a diminished itch phenotype.

Despite some conflicting evidence it seems highly likely that GRP release form dorsal horn
excitatory interneurons is central to at least non-histaminergic chemical itch transmission and
that these cells may represent a unique functional class. Cells expressing GRPR may also
represent a distinct functional class as their ablation reveals they are selectively tuned to both
acute and chronic itch transmission (Sun et al., 2009; Koga et al., 2020). This class of cells has
a distinctive laminar distribution, with the cells concentrated at the laminae I and Ilo border
and the cells are predominantly excitatory (Sun et al., 2009; Pagani et al., 2019). Despite their
location in the most superficial laminae of the dorsal horn, GRPR+ cells do not project to the
brain, rather are local interneurons (Sun et al., 2009; Aresh et al., 2017; Bardoni et al., 2019).
However, they do form the terminal part of a dorsal horn itch circuit as GRPR+ neurons
synapse directly with spinoparabrachial projection neurons (Mu et al., 2017). Studies have
sought to define the modulatory inputs to GRPR+ and have demonstrated a complex inhibitory

network, composed of synaptic and tonic currents that gates the excitability of GRPR neurons
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(Freitag et al., 2019). These inhibitory inputs arise both locally from nNOS+ cells and via

synaptic descending mechanisms from the RVM (Liu et al., 2019). These inhibitory inputs
may underlie the inhibition of activity in GRPR+ cells by TRPMS8 and TRPA1 agonists, which

presumably act via circuits initially involving primary afferents (Bardoni et al., 2019).
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Figure-1-4. Proposed Neural Circuits for Itch in the Dorsal Horn

GRP-expressing cells are secondary pruritoceptors in a circuit proposed by Mishra and Hoon
(2013). They receive peptidergic signalling from primary afferent fibres that express SST and
Nppb. Nppb acts via the Nprl receptor which is present on these cells. GRP release then acts
via GRPR-expressing cells which are then disynaptically linked to supraspinal targets via
projection neurons. This figure also shows the involvement of dynoprphin-expressing
inhibitory neurons in this circuit. Somatostatin acts via the SST2A receptor to inhibit these

cells, thereby disinhibiting GRPR+ cells and potentiating itch. From Huang et al. (2018).
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1.5.2 Substance P-expressing Excitatory Interneurons

Substance P immunoreactivity is present in the superficial dorsal horn and the majority of this
peptide is found in axon terminals of primary afferent fibres (Hokfelt et al., 1975; Cuello et al.,
1977). However, following rhizotomy, around 20% of the peptide remains in the ipsilateral
dorsal horn and hence is of non-primary origin (Jessell et al., 1979). SP-immunoreactive cells
have been identified in the dorsal horn (Ribeiro-da-Silva et al., 1991), and these findings have
more recently been confirmed using an antibody to pre-protachykinin A, in situ hybridisation,
and genetically modified mice expressing Cre under control of the 7ac/ promotor (Xu et al.,
2013; Gutierrez-Mecinas et al., 2017). These cells are mostly excitatory and account for 24%
of excitatory interneurons in laminae I and II. Many of these cells respond to noxious and
pruritic stimuli as shown by expression of Fos or phosphorylation of ERK (Gutierrez-Mecinas

etal., 2017).

It has recently been shown that these SP cells have a specific pattern of connectivity that
underlies their function. These interneurons have been identified as having radial morphology
and consistent with previously described features of radial cells (Grudt and Perl, 2002) have
long propriospinal axons which travel in the DLF and target the LSN (Gutierrez-Mecinas et
al., 2018; Dickie et al., 2019). Using an anatomical approach based on immunostaining for the
post-synaptic protein homer, Polgar et al. (2020) find that SP-radial cells receive half their
excitatory synaptic input from other interneurons and this arises preferentially from cells that
express EGFP in the GRP-EGFP mouse line (Polgar et al., 2020). In addition, substance P is
expressed by 40% of ALT projection neurons in lamina I as well as by some of those in
lamina III, although as these cells are much rarer than interneurons, this accounts for a small
percentage of SP cells (Polgar et al., 2020). A recent study reported that ablation of SP-
expressing cells in the Tac1°™ mouse resulted in the loss of both persistent licking and
conditioned aversion evoked by stimuli which produce sustained pain, but without altering
acute nocifensive reflexes (Huang et al., 2019). The authors suggest this is due to ablation of
ALT cells which project to the thalamus and underlie coping behaviours. However, this is
surprising as the majority of SP cells are interneurons which are activated by noxious and
pruritic stimuli. As such, this finding associated with coping responses has been challenged,
with one study showing silencing of Tac1¢ cells affecting acute nocifensive responses to both

cold and radiant heat (Polgér et al., 2020).
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1.5.3 Neurotensin-expressing Excitatory Interneurons

Neurotensin expressing cells are located at the lamina II/III border and represent 9% of
excitatory cells in laminae I-II and 13% of those in lamina III (Gutierrez-Mecinas et al.,
2016a). Virtually all of these cells are PKCy-expressing, and levels of expression of this
kinase are high. Furthermore, 85% of strong PKCy-expressing cells can be accounted for by
largely non-overlapping NTS or CCK expression (Gutierrez-Mecinas et al., 2019). PKCy-
expressing cells have been identified as an important population of excitatory cells as mice in
which the kinase has been knocked out or antagonised show reduced hypersensitivity
following nerve injury or strychnine injection (Malmberg et al., 1997; Miraucourt et al., 2007).
Although chemogenetic or optogenetic functional studies of PKCy-expressing cells have not
been carried out, circuit interrogation with electrophysiology and pharmacology suggests these
cells form part of a circuit conveying low threshold stimuli to lamina I projection neurons
which becomes functional during disinhibition in neuropathy (Neumann et al., 2008; Lu et al.,

2013; Wang et al., 2020).

1.5.4 Cholecystokinin-expressing Excitatory Interneurons

Excitatory cells expressing cholecystokinin represent around 7% of excitatory interneurons in
laminae I & II (Gutierrez-Mecinas et al., 2019). However, they are frequently encountered in
deeper laminae, representing around a third of the excitatory cells in lamina III. A number of
these cells, particularly those in lamina IIi, co-express PKCy and it has been shown that 85%
of strongly PKCy-expressing neurons can be accounted for by expression of CCK or NTS
(Gutierrez-Mecinas et al., 2019). The release of CCK from these cells principally acts to
reduce the antinociceptive action of opioids via CCKp receptors (Wiesenfeld-Hallin et al.,
2002; Yang et al., 2018). However, this function does not account for the glutamatergic role
these cells have in spinal circuits. Ablation of the CCK-expressing cells in the dorsal horn has
demonstrated their importance in both processing of tactile stimuli and mechanical allodynia
in neuropathic pain. Using a novel behavioural paradigm, Abraira et al. (2017) showed that
mice in which the cells had been ablated could not distinguish between objects of different
textures. In a separate study, ablation of these cells reduced mechanical allodynia in

neuropathic pain models (Liu et al., 2018). Based on the extensive expression of CCK across
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the dorsal horn and transcriptomic evidence (Héring et al., 2018), it is likely that there are a

number of functional subpopulations amongst the CCK cells. One such subset is present at the
lamina IIi/IIT border and is defined by the expression of urocortin 3 (Pan et al., 2019). These
cells have been shown to have a role in the transmission of mechanical itch, in a circuit gated

by NPY-expressing inhibitory cells.

1.5.5 Neurokinin B-expressing Excitatory Interneurons

Neurons expressing NKB have a very similar distribution to NTS cells and lie either side of

the II/III border. These cells comprise around 16% of the excitatory interneurons in lamina II
(and 7% in lamina III) and may express PKCy, albeit at a low level (Gutierrez-Mecinas et al.,
2016a). Ablation of these cells did not result in any alterations to nociceptive thresholds, and

thus very little is known about their function (Duan et al., 2014).

1.5.6 Inhibitory Interneurons

In laminae I and 11, recent studies have identified five largely non-overlapping,
neurochemically defined subsets that account for nearly all dorsal horn inhibitory interneurons
(Boyle et al., 2017). These groups comprise those inhibitory neurons expressing Galanin or

Dynorphin, nNOS, NPY, calretinin or parvalbumin.

Galanin and dynorphin cells are present in lamina I-ITo and have a very high degree of co-
expression of the two peptides, therefore they are considered as a single class (Todd, 2017).
Dynorphin is present in 31% of all inhibitory cells in the superficial dorsal horn and this class
of cells can be identified in the PrP-EGFP mouse, which reveals both this population and those
expressing nNOS (Iwagaki et al., 2013; Ganley et al., 2015). Interestingly, all of this
population express the sst2a receptor, which is expressed by around half of all SDH inhibitory
neurons (Polgar et al., 2013b, 2013a). This is consistent with their proposed functional role in
itch circuits (Kardon et al., 2014; Huang et al., 2018). This role was first suggested by the
finding that Dynorphin cells (along with those expressing nNOS) are absent in mice lacking
the transcription factor Bhlhb5 (Kardon et al., 2014). These mice develop spontaneous itch
behaviour (Ross et al., 2010) and it is proposed that the activity of dynorphin released from
these cells at KOR supresses itch (Kardon et al., 2014). Chemogenetic activation of
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dynorphin-expressing cells suppresses itch but also causes mechanical allodynia; an effect

thought to be mediated via the small population of excitatory dynorphin cells (Huang et al.,
2018). Duan et al. (2014) ablated dynorphin lineage cells and this resulted in a mechanical
allodynia phenotype. This discrepancy is perhaps explained by the recent finding that
dynorphin cells attenuate mechanical sensitivity throughout development, but this population

dampens acute nonhistaminergic itch only during adulthood (Brewer et al., 2020).

Inhibitory cells expressing nNOS are present in lamina II but also occur in adjacent laminae.
They represent 17% of inhibitory cells in the superficial dorsal horn (Iwagaki et al., 2013;
Boyle et al., 2017) In terms of function, chemogenetic activation has demonstrated
antinoceptive but not antipruritic functions of these cells (Huang et al., 2018). Another class;
those inhibitory cells expressing calretinin account for 25% of all inhibitory cells, but this
represents a small percentage (~15%) of cells expressing calretinin overall; the majority of
which make up a broad and non-specific class of excitatory interneurons. Perhaps as might be
expected with a broad heterogenous class, these cells are functionally involved in the

generation and amplification of pain (Duan et al., 2014; Peirs et al., 2015; Petitjean et al.,

2019; Smith et al., 2019).

Expression of NPY occurs in around one third of inhibitory cells and these are distributed
between lamina I and III (Boyle et al., 2017). Ablation of NPY lineage cells has suggested a
role for them in the gating of mechanical itch (Bourane et al., 2015), although activation of
these cells does appear to increase nociceptive thresholds (Acton et al., 2019); an effect which
the authors of that study attribute to NPY actions on primary afferents. However the release of
NPY itself in the dorsal horn has been shown to dampen both mechanical and chemical itch
(Gao et al., 2018) and has been implicated in supressing neuropathic pain (Solway et al.,
2011). The Y1 receptor for NPY is expressed on a subset of superficial dorsal horn excitatory
interneurons which are a mixed population overlapping to a moderate degree with GRP-EGFP
cells (Acton et al., 2019). The functional role of this Y 1-expressing population is unclear, with
conflicting evidence suggesting both a role in neuropathic pain and mechanical itch (Acton et
al., 2019; Nelson et al., 2019), although these differences could relate to the methodology used

for manipulation.
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Cells belonging to the final class of inhibitory interneuron express parvalbumin and these are

located at the lamina II/III border (Hughes et al., 2012). While some parvalbumin cells are
excitatory, the majority are inhibitory and represent around 10% of the superficial dorsal horn
inhibitory cells, and a much higher proportion of cells in lamina III (Abraira et al., 2017;
Boyle et al., 2017). Many of these cells show islet morphology, and their axons form
inhibitory axoaxonic synapses on the central terminals of A-LTMRs (Hughes et al., 2012).
These cells are therefore a source of presynaptic inhibition of low threshold inputs and also
provide post-synaptic inhibitory input to vertical cell dendrites (Boyle et al., 2019). Petitjean et
al. proposed that a pattern of reduced innervation of PKCy cells by parvalbumin inhibitory
cells contributed to allodynia in neuropathic pain (Petitjean et al., 2015). However this
reduction in contacts could not be reproduced in another study, which suggested that
parvalbumin cells undergo reductions in activity in neuropathic pain rather than changes to

their connectome (Boyle et al., 2019).

1.6 Transcriptomics

Recent advances in DNA sequencing technology have allowed analysis of the transcriptome of
single cells and have paved the way for exploration of how the molecular profiles of neural
populations are linked to their functional and morphological diversity. Microfluidic platforms
have dramatically reduced the cost per cell of sequencing and the advantages of this have been
seen in characterisation of other areas of the nervous system. For example, recent scRNAseq
of retinal cells has revealed 15 neuronal types, 13 of which were previously identified and two
of which were novel classes (Shekhar et al., 2016). In the spinal cord several studies have
defined clusters of dorsal horn neurons based on the constellations of genes that they express
(Héring et al., 2018; Sathyamurthy et al., 2018; Zeisel et al., 2018). Haring et al. (2018) define
15 classes of excitatory neuron and 15 classes of inhibitory neuron in the dorsal horn (Figure
1-5). Sathyamurthy et al. (2018) define a similar number of dorsal excitatory cell types, but
only 9 classes of dorsal horn inhibitory neuron. While there are a number of similarities in the
clusters from the two studies, the clusters are not all comparable and this may be due to
technical differences. Firstly Héring et al. sequenced mRNAs from the whole neuron, while
Sathyamurthy et al. performed nuclear only sequencing. The Hiring et al. study also
sequenced to a greater depth with a significantly higher number of reads per cell/nucleus

which led to a higher number of detected genes per cell (3400 vs 1400). As such, Héring et al.
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(2018) represents a more comprehensive classification of dorsal horn neurons. Another

sequencing study from the same group involving neurons from the entire mouse nervous
system also provided a less comprehensive classification due to lower sequencing depth and
total cell numbers (Zeisel et al., 2018). In addition to clustering based on transcriptional
identity, Héring et al. (2018) performed multiplex in sifu hybridisation using combinatorial
marker genes for each population to validate their results and define the laminar distribution of

each cell type.
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Figure-1-5. Transcriptomic clusters of Dorsal Horn Neurons from Hdring et al. (2018)

The neurons of the dorsal horn may be classified on the basis of their transcriptome. (a) shows
a hierarchical representation of the different glutamatergic neuronal types. 15 clusters of
neurons are proposed and the marker genes for each are shown in the coloured boxes. The
genes named at divisions of the dendrogram define the splits between types. The distribution
of Grp expression across the classes is shown in (b). The violin plots show the distribution of
molecular counts within the cells of each cluster. The blue colouring indicates a Bayesian
prediction of the probability of expression within a cluster. Light blue colouring indicates a
posterior probability greater than 99.9%. Dark blue also indicates this but indicates a further
level of stringency requiring a median predicted expression greater than 0.5. Adapted with

permission from Haring et al. (2018).
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Transcriptomic datasets identifying dorsal horn neurons are useful for investigating the

expression of different markers, developing genetic tools to investigate cell types and
validating experimental results (Denk, 2017; Crow and Denk, 2019). However it is not yet
clear just how molecular identity is linked to function. In many cases the task of linking
molecular properties to functional, anatomical, morphological, and electrophysiological
properties remains (Nguyen et al., 2017). Careful interpretation of transcriptomic cell classes
1s necessary as a number of technical issues may prevent accurate classification of the full
neural repertoire. Some degree of cell selection bias may be inherent to the technique, such
that certain cell types do not survive harvesting and dissociation (e.g. large Purkinje cells may
not survive to be sequenced in representative numbers as they are often damaged due to their
size (Zeisel et al., 2018)). Furthermore depending on the number of cells and the clustering
algorithm, it may be that only abundant cell types are sequenced in adequate numbers. Under
sampling can also lead to subclasses of a population not being resolved adequately and the
assumption being made that a particular gene is ubiquitous in a population, where it may only
be expressed highly in a subpopulation (Nguyen et al., 2017). Also, spatial distribution data is
not preserved when cells are sequenced. Therefore, it is advantageous to perform in situ
validation of any co-expression of molecular markers. Ultimately, the question of whether a
transcriptomic cluster truly represents a fundamentally different neuronal type, is complex and

requires careful validation and further multi-disciplinary studies.

The scheme proposed by Héring et al. aligns reasonably with the existing neurochemical
scheme proposed above for excitatory dorsal horn neurons (Figure 1-3). There are some
discrepancies evident however. Notably, Tacl, the gene for substance P, is present in two
clusters and Tac2, the gene for NKB is present in 3 clusters. This supports the notion that there
may be functionally distinct subclasses amongst these neurons. However, similar findings in
the DRG, where much more is known about modality specificity of neurons, have not yet
translated to the discovery of additional functional subclasses (Zeisel et al., 2018; Nguyen et
al., 2019). Additionally, some clusters (e.g. Glut10) extend over multiple laminae, and this is
hard to reconcile with the notion that these clusters represent functional populations of cells
given the modality specific arrangement of the dorsal horn. Of particular interest is the
distribution of Grp expression amongst neuronal classes in transcriptomic studies of the dorsal
horn. While Sathyamurthy et al. (2018) shows a cluster defined by Grp expression, this
finding is not replicated in Héaring et al. (2018). Rather Grp expression is widespread
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throughout the dorsal horn and present in multiple classes (Figure 1-5). This discrepancy

between transcriptomic findings and those using BAC transgenic animals to identify GRP

cells, as described above, has not been reconciled.

1.7 Connectivity

Primary afferent sensory neurons of the trunk and limbs project from tissues including skin,
muscle, joints and viscera to the spinal cord. Anatomically, the cell bodies of these cells are
located in the dorsal root ganglia (DRG) adjacent to the spinal cord. The cells are
pseudounipolar, that is the axon has both a peripheral branch that innervates the tissues and a
central branch that arborises in the dorsal horn of the spinal cord. It is generally accepted that
distinct classes of primary afferent neurons are specialized to detect various sensory modalities
and the existence of neurons with different response profiles allows discrimination between
the sensations of warmth, cold, pain, itch and touch (Emery and Ernfors, 2020). Given this
specialisation, the inputs a dorsal horn neuron receives from different classes of primary
afferent may underlie the functional role of that neuron. However, to gain insights into
function in this way requires not only appropriate methodological approaches to determine the
input to cells, but also a classification scheme for primary afferents that adequately reflects

their diversity and function.

1.7.1 Classifying Primary Afferent Neurons

Classically, primary afferent fibres have been classified by their size and degree of
myelination, both of which determine their conduction velocity. This scheme results in four
broad classes; heavily and moderately myelinated Ao and A fibres, thinly myelinated Ad
fibres and unmyelinated C fibres. Simplistically, Ao and AP fibres transmit proprioceptive
and low threshold touch information, respectively, while the Ad and C classes transmit
noxious and pruritic stimuli. However, there are a number of exceptions to this rule that make
comprehensive classification by conduction velocity challenging. A small class of C fibres
does not transmit nociceptive information, rather encodes pleasant or gentle touch sensations,
and these are termed C-low threshold mechanoreceptors (C-LTMRs) (Abraira and Ginty,
2013). The AJd class also contains non-nociceptive fibres that are associated with hair follicles

and termed D-hair afferents or A3-LTMRs (Abraira and Ginty, 2013). A number of studies
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have also identified neurons preferentially tuned to noxious stimuli (nociceptors) within the

AP class (Djouhri and Lawson, 2004). LTMRs do not innervate laminae I & II of the dorsal
horn, rather they project to lamina III and deeper. Consequently, their patterns of input are
unlikely to be a defining feature of superficial dorsal horn interneurons. Therefore the
remainder of this section focusses on the classification of afferents that project to laminae I &

II.

A common approach to classifying primary sensory neurons has been to do so on the basis of
electrophysiological determination of their sensitivity to sensory modalities. The sensitivity
and threshold to noxious mechanical (M), heat (H) and cold (C) can be defined during
recordings, and while estimates vary between studies, polymodal units (ie. those responding to
multiple stimuli) represent the majority of the C fibre neurons (Dubin and Patapoutian, 2010).
A small proportion of C-MH fibres are silent and only become responsive to noxious stimuli
after being sensitised by inflammation (Schmidt et al., 1995). A-fibre nociceptors are
predominantly heat and or mechanosensitive although some respond to cold (Dubin and
Patapoutian, 2010). The A-MH nociceptors can also be further subdivided into two functional
groups based on their response properties. Type I Ad nociceptors respond to mechanical and
chemical stimuli and have high heat thresholds but will sensitise in the context of tissue injury.
These fibres are probably responsible for ‘first’ pain from mechanical stimuli such as a pin
prick. Type II fibres have a much lower heat threshold and a high mechanical threshold and
are involved in ‘fast’ pain responses to heat. The traditionally held view of polymodality as
defined by microneurography or electrophysiology has recently been challenged in high-
throughput in-vivo studies using calcium imaging; with one group finding that the vast
majority of DRG neurons are modality specific (Emery et al., 2016). While this more modality
specific finding may align well with the recently elucidated genetic diversity of DRG cells
(see below), it has not been supported by other similarly conducted studies and remains

controversial (Chisholm et al., 2018; Wang et al., 2018).

Another approach to classifying sensory neurons relies on their neurochemistry and this has
been extensively studied and correlated to function. A major subdivision within nociceptors
lies between peptidergic and non-peptidergic cells. Peptidergic neurons by definition express
neuropeptides such as substance P and CGRP, while non-peptidergic neurons do not express

these but bind the lectin Griffonia simplicifolia IB4 (Hokfelt et al., 1975; Snider and
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McMahon, 1998). Many peptidergic neurons also express the tyrosine kinase receptor TrkA,

which is the receptor for NGF (Denk et al., 2017), and some may express the NPY 2 receptor
(Arcourt et al., 2017). Non-peptidergic neurons express the glial-derived neurotrophic factor
Ret and the coreceptors GFRal and GFRa2 (Bennett et al., 1998; Franck et al., 2011).
Subpopulations within the non-peptidergic class also differentially express a number of Mas-
related G protein—coupled receptors such as MrgprA3 and MrgprD (Dong et al., 2001) and the
proposed functional significance of this is detailed below. As mentioned above, some C fibres
transmit pleasant touch sensations and many of these express TH and VGLUT3 (Seal et al.,
2009), while a smaller population expresses MrgprB4 (Vrontou et al., 2013). Another popular
classification scheme is based on the differential expression of TRP channels that confer
sensitivity to heat, and cold. There is overwhelming evidence that TRPMS is necessary for the
transduction of cold (Bautista et al., 2007; McKemy, 2012), but the expression patterns and
signalling mechanisms of other temperature sensitive channels in the DRG are complex and

do not themselves singularly define functional classes (Paricio-Montesinos et al., 2020).

Given the extensive literature that associates single molecular markers with function in
primary afferents, the use of newer unbiased and comprehensive classification strategies of
DRG neurons is warranted. Several single cell RNA sequencing studies have sought to define
classes of DRG neurons (Usoskin et al., 2015; Li et al., 2018; Zeisel et al., 2018). As single
cell RNA sequencing allows for tens of thousands of transcripts to be quantified per cell, it has
the capacity to define neuronal classes comprehensively. However, a number of technical
factors can influence the results and particularly the ability to compare classes between studies
(Emery and Ernfors, 2020). The number of neurons sequenced, and the sequencing depth are
particularly important causes of variability. Here I present the scheme proposed by Usoskin et
al. (2015), who sequenced 622 neurons to a moderate depth. This is in contrast to a scheme
proposed by Li et al. (2016), where much deeper sequencing was used but on fewer (197) cells
and the authors did not validate their results in vivo. When this data was re-analysed recently
(Lietal., 2018), it predicted 9 neuronal classes in contrast to the 11 of Usoskin et al. The 11
neuronal types proposed by Usoskin et al. are: five types of neurofilament heavy chain-
expressing myelinated A fibres, of which three are LTMRs (NF1, NF2 & NF3) and two are
proprioceptors (NF4 & NF5). One C-LTMR population that expresses tyrosine hydroxylase
named TH. One unmyelinated peptidergic C fibre class termed PEP1 and one lightly
myelinated Ad population, called PEP2. And finally, three types of non-peptidergic neurons;
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the NP1, NP2 and NP3 clusters, that are defined by the expression of MrgprD, MrgprA3 and

NPPB/SST, respectively. This classification system was refined by Zeisel et al. (2018), and
these authors sequenced more neurons (1580) but to a shallower depth. This resulted in some
variability between their results and those of Usoskin et al. (2015). LTMRs were
underrepresented and as such NF2 and NF3 could not be separated. However, this more recent
analysis was able to define three additional TRPMS8-expressing cold-sensing clusters and
separate a number of the peptidergic and non-peptidergic classes into subclasses. For example,
NP1 and NP2 were both split into 2 subclusters (NP1.1/1.2 & NP2.1/2.2 respectively)
although the functional significance of these subclusters is not yet known (Emery and Ernfors,

2020).

Each of the clusters of Usoskin et al. (2015) is thought to have functional significance based
on previous work defining the roles of single neurochemical features of DRG neurons. Here |
highlight the functional roles of the PEP, NP and TH classes as it is these fibres which project
to the superficial dorsal horn (Todd and Wang, 2020). Neurons in the PEP1 cluster express
high levels of Tacl (the gene for Substance P) and Calca (the gene for CGRP) and are
therefore peptidergic. Previous work has shown that virtually all SP-expressing neurons are
polymodal and respond to both noxious heat and mechanical stimuli (Lawson et al., 1997).
Therefore PEP1 neurons are best classed as MH-C fibres and consistent with this they
abundantly express TRPV1 and other TRP channels required for noxious heat sensation
(Vandewauw et al., 2018). The PEP2 neuron class are lightly myelinated as they express
NEFH and likely correspond to Ad-nociceptors. They express Calca but not Tacl, and some
express TRPV1 but a limited complement of other heat sensitive TRP channels. The TH class,
express TH and Sic17a8 (the gene for VGLUT3) and correspond to the previously defined C-
LTMR class that are only present in hairy skin and convey pleasant touch sensations (Loken et

al., 2009; Seal et al., 2009; Liljencrantz and Olausson, 2014).

The NP classes are best characterised as itch-mechano-heat neurons (Emery and Ernfors,
2020). The NP1 class are the only class expressing high levels of MrgprD. Ablation of
MrgprD-expressing cells results in a deficit in response to mechanical stimuli with heat
responses left unchanged (Cavanaugh et al., 2009). Very few of these fibres express TRPV1,
although some express TRPM3 or TRPA1, which perhaps explains their limited responses to

heat during in vivo recordings (Liu et al., 2012). MrgprD is also the receptor for B-alanine, a
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compound that induces itch, and this highlights a pruritoceptive role for this class (Liu et al.,

2012). The NP2 cells are the only class that express MrgprA3, and despite being polymodal
nociceptors, these neurons have a well-defined role in chloroquine induced itch (Liu et al.,
2009; Han et al., 2013). Ablation of these cells results in no changes in pain sensitivity despite
substantial reductions in pruritogen evoked scratching (Han et al., 2013). The NP3 class is
defined by the expression of a number of genes which also implicate them as neurons with
broad itch functions. These cells express both NPPB and SST which act as itch
neurotransmitters in the dorsal horn (Mishra and Hoon, 2013; Huang et al., 2018). Ablation of
these cells reduces scratching in response to multiple pruritogens (Stantcheva et al., 2016),
while optogenetic activation causes scratching (Huang et al., 2018). The NP3 cells also
express a number of other molecules that have been implicated in acute and chronic itch such
as [IL-31RA, OSMR, CYSLTR2, and HTRF1 (Akiyama and Carstens, 2013; Usoskin et al.,
2015; Dong and Dong, 2018).

1.7.2 Projections to the Dorsal Horn

Primary afferents project to the dorsal horn in a type and modality specific laminar pattern
(Figure 1-6). Myelinated LTMRs terminate mainly in lamina III and deeper with specific
distribution patterns (Abraira and Ginty, 2013). Within the superficial dorsal horn, C-LTMRs
terminate at the lamina ITi/I1I border and it is mainly nociceptive and pruritoceptive fibres that
are represented dorsal to this band (Peirs and Seal, 2016). Most Ad-myelinated nociceptors
have a compact termination zone in lamina II and Ilo (Light and Perl, 1979) although some
may arborise more diffusely (Boada and Woodbury, 2008; Arcourt et al., 2017). The
remaining peptidergic and non-peptidergic C fibre nociceptors terminate in mid lamina II in
defined bands depending on fibre type (Zylka et al., 2005). All primary afferents are
glutamatergic and their central terminals express vesicular glutamate transporters which are
differentially expressed amongst these cells. Both corticospinal projections and A-LTMRs
express VGLUT1 (Todd et al., 2003). Although Ad and C nociceptors utilise VGLUT2, the
expression level of this transporter is such that the amount that can be detected in central
terminals is generally low (Todd et al., 2003). The highest levels of VGLUT?2 are seen in the
axonal boutons of local excitatory interneurons (Todd et al., 2003). The adult expression of
VGLUTS3 defines the C-LTMR class of DRG cells and their central terminals are strongly

immunoreactive for this protein (Seal et al., 2009).
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Some primary afferent classes form complex synaptic arrangements termed synaptic glomeruli
as they project to the dorsal horn (Ribeiro-da-Silva and Coimbra, 1982). These contain a
central terminal representing the axonal bouton of the afferent, and this is surrounded by post-
synaptic dendrites and pre-synaptic axonal terminals. The dendrites are postsynaptic to the
central terminal, although they may form reciprocal synaptic arrangements. The pre-synaptic
axons are GABAergic and represent the neuroanatomical substrate for pre-synaptic inhibition
(Todd, 1996). Classically there are two types of glomeruli that can be ultrastructurally
recognised in the rodent dorsal horn (Ribeiro-da-Silva and Coimbra, 1982). Type I glomeruli
have small, dark and indented central terminals with few mitochondria and closely packed
vesicles of variable diameter. These are thought to be associated with C-MrgprD nociceptors
and are consequently prevalent in mid lamina II. Type II glomeruli have a large and more
regularly contoured central terminal with fewer synaptic vesicles of a more regular diameter.
These glomeruli are thought to arise from myelinated afferents and are found in lamina Ili and
II1. Other types of afferent may also give rise to synaptic glomeruli, including C-LTMRs
although the classical glomerular type of these terminations is disputed (Larsson and Broman,

2019; Salio et al., 2020).
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Figure-1-6. Terminations of Primary Afferent Neurons in the Dorsal Horn

Primary afferent neurons terminate in the dorsal horn in a modality specific laminar pattern.
Ad nociceptors terminate in laminae I and Ilo, while peptidergic nociceptors arborise in
laminae I and II. LTMR classes terminate in lamina Ili and deeper. The NP classes of Usoskin
et al. (2015), which are defined by the expression of MrgprD, MrgprA3 or SST/NPPB all
terminate in mid lamina II. From Todd and Wang (2020).
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1.7.3 Methods used to Determine Synaptic Inputs

A number of techniques have been used to identify the synaptic inputs to dorsal horn neurons
and these may be based on electrophysiology, optogenetics, anatomical tracing, viral tracing
techniques or some combinations of the above. Patch clamp electrophysiology, when paired
with dorsal root stimulation, can be used to determine whether individual cells receive AP, Ad
or C fibre inputs by mono or polysynaptic connections. This methodology has been used to
determine the primary afferent input patterns of classically defined neuronal morphological
types (Grudt and Perl, 2002; Yasaka et al., 2007) (and see 1.4 above). However, this approach
is not specific enough to distinguish inputs from the diverse array of molecularly defined
primary afferent fibres. In order to provide further insights into this, optogenetic stimulation of
molecularly defined primary afferents has been used during patch clamp electrophysiology. In
one study this approach did not show any specificity in the connections between MrgprD-
expressing afferents and different morphologically defined classes of substantia gelatinosa
neurons (Wang and Zylka, 2009). In terms of the pattern of inputs to GRP-expressing neurons,
both of the techniques above have provided valuable insights. Sun et al. (2017) recorded from
GRP-EGFP neurons and demonstrated a high proportion received monosynaptic C fibre input,
while very few of these cells showed EPSCs in response to A3 or Ad stimulation. Both Pagani
et al. (2019) and Sun et al. (2017) have also recorded from GRP-EGFP neurons while
optogenetically stimulating MrgprA3 fibres, and both of these studies demonstrate that these

cells have monosynaptic connections from this fibre type.

Anatomical techniques may be used to determine the presence and also extent of synaptic
input to a cell from a specific primary afferent population. These studies may use fluorescent
immunohistochemistry to identify pre and post synaptic markers adjacent to cells (Abraira et
al., 2017; Larsson and Broman, 2019; Polgar et al., 2020), or may identify synapses using
electron microscopy with specific labelling of pre and post synaptic structures (Peirs et al.,
2014). Viral tracing techniques may also be used to identify cells which are pre-synaptic to a
given cell type (Luo et al., 2018; Saleeba et al., 2019). Retrograde tracing with modified rabies
virus has been used for this purpose in dorsal horn neurons (Albisetti et al., 2017; Sun et al.,
2017). The modified rabes virus used in this strategy has its glycoprotein deleted so it is
incapable of spreading from one neuron to another. The rabies virus can be directed to a

specific population of starter cells by expressing both its cognate receptor (TVA) and the
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rabies glycoprotein in a Cre-dependent fashion. Thus the rabies virus can multiply in this

specific population of cells but also retrogradely infects those neurons which are pre-synaptic
to the starter population where it causes expression of a fluorescent reporter (Callaway and
Luo, 2015). A number of technical limitations make this technique challenging and these
include variable susceptibility of pre-synaptic neurons to transfection (Albisetti et al., 2017),
neurotoxicity, and variable proportions of labelling of pre-synaptic neurons (Callaway and
Luo, 2015; Kim et al., 2016). It is also of note that the quantitative nature of the data is
different to that gained from other anatomical techniques as the results pertain to inputs to a
population rather than an individual cell. In the case of GRP-expressing neurons, rabies
tracing has generated conflicting results and this perhaps arises from technical difficulties with
the method (Albisetti et al., 2017; Sun et al., 2017). While both of these studies demonstrated
that greater than 50% of the labelled DRG neurons were peptidergic, there were large and
significant discrepancies in the numbers of neurofilament-expressing and non-peptidergic cells
labelled. A number of other novel methods based on either specific synaptic reconstitution of
fluorescent proteins or barcode sequencing have been proposed as high-throughput molecular
techniques to determine synaptic connectivity, but these have not yet been demonstrated in the

mammalian spinal cord (Feng et al., 2014; Kebschull, 2019).

1.8 Overall Aims of the Project

Excitatory dorsal horn interneurons that express GRP can be identified by the expression of
EGFP in the GRP-EGFP mouse. These cells have been shown to be distinct from other
neurochemical populations identified in the superficial dorsal horn (Gutierrez-Mecinas et al.,
2014; Todd, 2017; Gutierrez-Mecinas et al., 2019). They are also likely to act as secondary
pruritoceptors in a putative labelled-line for itch (Mishra and Hoon, 2013; Huang et al., 2018).
The underlying hypothesis of the work presented here is that these cells are not simply
neurochemically distinct, but rather represent a distinct functional population of excitatory
interneurons. The aim of this series of studies is to further categorise these neurons in terms of
their morphology, responses to stimuli, connectivity and molecular identity to determine
whether they possess unique properties which are consistent with, and provide further
evidence for, EGFP expression defining a functional population of cells. A series of major

aims are addressed;
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Neuronal morphology can be used to categorise dorsal horn interneurons (Grudt and Perl,

2002; Yasaka et al., 2010) and somato-dendritic morphometric parameters alongside
axonal projections may have important implications for neuronal function. One aim of this
project was to perform detailed morphological analysis on the GRP-EGFP cell population
using neurobiotin filled cells following patch-clamp electrophysiological recordings. We
aimed to determine whether these represent a morphologically homogeneous population of
cells, but also to compare their morphology with that of another distinct population of

lamina II excitatory interneurons; those cells expressing substance P.

Given the proposed role of these cells in itch pathways, we would expect them to be active
following itch inducing stimuli delivered to the skin. Neuronal activity can be inferred
using immunostaining for the Fos protein or phosphorylated ERK (Ji et al., 1999;
Coggeshall, 2005). We aimed to determine whether GRP-EGFP cells consistently
expressed Fos or phosphorylated ERK following the injection of pruritogens into the skin.
Additionally, as it has been proposed that GRP-EGFP neurons form an itch specific
circuit, we sought to determine if ERK phosphorylation was present following a variety of

nociceptive stimuli.

Given the apparent modality-preferential nature of primary afferents, the pattern of inputs
to a given dorsal horn cell type implies functional consequences. The inputs to GRP-EGFP
cells have previously been defined using a rabies virus based approach (Sun et al., 2017).
However, rabies based approaches may have technical limitations as some primary
afferent fibre types appear resistant to infection (Albisetti et al., 2017). Also, these
approaches are not quantitative at the individual cell level and retrograde labelling may be
biased as it is more likely to arise from potentially atypical cells with more synaptic input;
hence there is not always a direct correspondence between rabies findings and other
anatomical and functional measures of connection strength (Luo et al., 2018). Given these
limitations, here we aimed to determine the relative contributions of different primary
afferent and local excitatory interneuron inputs to GRP-EGFP cells. Furthermore, we
sought to quantify in particular the level of connectivity from putative pruritoceptive
primary afferent neurons. This was achieved with an anatomical approach that used the
post-synaptic protein Homer to identify synapses (Gutierrez-Mecinas et al., 2016b; Abraira

etal., 2017).
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4. Recent transcriptomic studies have identified clusters amongst dorsal horn interneurons
which may represent discrete functional classes. Hiring et al. (2018) describe 15 excitatory
interneuron classes and these align well with the existing neurochemical classes defined by
CCK, substance P, NKB and NTS expression. However, GRP expression does not define a
class in this transcriptomic scheme. Instead, GRP expression is widespread and is
documented in 8 of the 15 clusters, including Glut9 — a cluster defined by the expression
of Npft. As little was known about the properties of Npff-expressing neurons, we aimed to
characterise them using both in situ hybridisation and immunohistochemical approaches.
This study therefore aimed to determine the overlap of Npff expression with existing

neurochemical classes, and in particular the relationship to GRP-EGFP cells.

5. The finding of widespread expression of GRP across neuronal classes by Héring et al.
(2018), is at odds with findings from the GRP-EGFP mouse where EGFP expression
appears to mark a discrete population (Gutierrez-Mecinas et al., 2014). This discrepancy
may be explained by the finding that, at least in the closely related GRP-Cre transgenic
line, only around a quarter of GRP-expressing cells are labelled by a floxed reporter
(Albisetti et al., 2019). Using an in situ hybridisation based approach we aimed to
determine whether this was also the case for the GRP-EGFP mouse and whether, despite
GRP mRNA being present in several transcriptomically-defined populations, EGFP is

restricted to a discrete subset of cells.
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Abstract

Background: Gastrin-releasing peptide (GRP) is thought to play a role in the itch evoked by intradermal injection of
chloroquine. Although some early studies suggested that GRP was expressed in pruriceptive primary afferents, it is now
thought that GRP in the spinal cord is derived mainly from a population of excitatory interneurons in lamina ll, and it has been
suggested that these are involved in the itch pathway. To test this hypothesis, we used the transcription factor Fos and
phosphorylation of extracellular signal-regulated kinases (ERK) to look for evidence that interneurons expressing GRP were
activated following intradermal injection of chloroquine into the calf, in mice that express enhanced green fluorescent protein
(EGFP) in these cells.

Results: Injection of chloroquine resulted in numerous Fos- or phospho-ERK (pERK) positive cells in the somatotopically
appropriate part of the superficial dorsal horn. The proportion of all neurons in this region that showed Fos or pERK was
18% and 21%, respectively. However, among the GRP-EGFP, only 7% were Fos-positive and 3% were pERK-positive. As such,
GRP-EGFP cells were significantly less likely than other neurons to express Fos or to phosphorylate ERK.

Conclusions: Both expression of Fos and phosphorylation of ERK can be used to identify dorsal horn neurons activated by
chloroquine injection. However, these results do not support the hypothesis that interneurons expressing GRP are critical
components in the itch pathway.
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Background An early insight into the peripheral and spinal path-

ways responsible for itch came from the observation that
mice lacking the receptor for gastrin-releasing peptide

Itch has been defined as an unpleasant sensation that
causes a desire to scratch. Chronic itch (pruritus) can
result from several dermatological and systemic diseases
and represents a major unmet clinical need. Despite this,
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are relieved by antihistamines (histamine-dependent) and
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stances (pruritogens) can evoke itch, when injected into
the skin, and these can operate through either histamine-
dependent or histamine-independent mechanisms.>’
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(GRP) showed significantly reduced responses to certain
pruritogens, but normal responses to a variety of painful
stimuli.® Three lines of evidence suggested that GRP sig-
nalling at the spinal level was required for itch: (a) intra-
thecal administration of GRP receptor (GRPR) agonists
evoked scratching, while antagonists reduced scratching
in response to injected pruritogens; (b) in situ hybridisa-
tion revealed that the GRPR was expressed by neurons
in lamina I of the dorsal horn; (c) a subsequent study
from the same group showed that ablation of spinal
GRPR-expressing neurons with saporin conjugated to
bombesin (an amphibian homologue of GRP) resulted
in reduced responsiveness to a variety of pruritogens.’
This study also demonstrated that itch behaviours
following administration of histamine-independent
pruritogens such as chloroquine were substantially
reduced in GRPR knockout mice, whereas histamine-
dependent responses were much less affected.” Further
evidence for a role of spinal GRP signalling in hista-
mine-independent itch came from the finding that a
GRPR antagonist delivered directly to the spinal cord
significantly reduced the responses of superficial dorsal
horn neurons to intradermal chloroquine but not to
intradermal histamine.'’

There has been considerable debate concerning the
source of GRP in the spinal cord. A number of studies
have provided evidence that GRP is expressed by a spe-
cific subset of peptidergic primary afferents,®''! and it
has been suggested that the GRP released by these affer-
ents acts through spinal GRPR to mediate itch.®
However, several other groups have failed to detect
GRP mRNA in primary afferents, using a variety of
methods, including in situ hybridisation, RT and real-
time polymerase chain reaction, and RNA seq.'*'® In
addition, it has been reported that the antibodies that
had been used to reveal GRP in the dorsal root gan-
glion®!? can cross react with substance P,'*!'” which is
expressed by many peptidergic primary afferents.?%>!

mRNA for GRP has been identified in the dorsal
horn'# 16182223 and the GRP-expressing cells can be
identified in a mouse line (Tg-GRP-EGFP) in which
enhanced green fluorescent protein (EGFP) is expressed
under control of the GRP promoter.'*!”?* It has
recently been shown that these cells represent a specific
population of excitatory interneurons in lamina II.'%*°
Taken together with the evidence against primary affer-
ent expression of GRP, these findings have led to
the alternative suggestion that GRP released by itch-
activated spinal interneurons plays an important role in
histamine-independent itch.'***?® To test this hypoth-
esis, we have looked for evidence that chloroquine can
activate GRP-expressing dorsal horn interneurons.
As GRP cannot be detected in the cell bodies of these
neurons with immunocytochemistry,'® we used the
Tg(GRP-EGFP) line. EGFP* cells in this mouse are

mainly present in lamina II,'" and it has been shown
that >90% of these possess GRP mRNA."*To reveal
activated neurons, we stained for the transcription
factor Fos,?” which has been used in several previous
studies,”®? and for phosphorylated extracellular
signal-regulated kinases (pERK).**3

Methods

All animal experiments were approved by the Ethical
Review Process Applications Panel of the University of
Glasgow and were performed in accordance with the
European Community directive 86/609/EC and the UK
Animals (Scientific Procedures) Act 1986.

Fos induction

Six adult Tg(GRP-EGFP) mice of either sex (16-25g;
Gene Expression Nervous System Atlas [GENSAT])
were used to investigate Fos expression after intradermal
injection of chloroquine or vehicle. The skin on the lat-
eral aspect of the hindlimb was shaved on the day before
stimulation, and in order to prevent scratching or biting
of the injected area during the postinjection survival time
(which would result in nociception-activated Fos), an
Elizabethan collar (Harvard Apparatus, #72-0056) was
applied at the time of shaving. Animals were briefly
anaesthetised with isoflurane, and injections of either
chloroquine (40 pg dissolved in 10l of phospate-buf-
fered saline [PBS], n=3 mice) or vehicle (10ul PBS,
n =13 mice) were made into the lateral aspect of the left
calf, after which the mice were allowed to recover from
anaesthesia. The success of the intradermal injection was
assessed by the formation of a small bleb®’ in the calf
skin. They were reanaesthetised with pentobarbitone
(20 mg i.p.) and perfused through the left ventricle with
fixative that contained 4% freshly depolymerised formal-
dehyde 2h after the stimulus.

The L3 spinal segment (which contains the great
majority of cells activated by these stimuli) was removed
and postfixed for 2 h in the same fixative. The contralat-
eral (right) side was notched to allow identification, and
the tissue was cut into 60 um thick transverse sections
with a vibrating blade microtome (Leica VT1200).
These were immersed in 50% ethanol for 30min to
enhance antibody penetration and then multiple-labelling
immunofluorescence staining was performed as described
previously.'®*> The sections were incubated for three
days in the following combination of primary anti-
bodies: mouse monoclonal antibody NeuN (Millipore;
MAB377; diluted 1:500), chicken anti-EGFP (Abcam,
ab13970; diluted 1:1000), and rabbit anti-Fos (Santa
Cruz Biotechnology, sc-52; diluted 1:5,000). They were
then incubated overnight in species-specific secondary
antibodies that were raised in donkey and conjugated to
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Alexa 647, Alexa 488, or Rhodamine Red (Jackson
Immunoresearch, West Grove, PA, USA). Secondary
antibodies were diluted 1:500 (Alexa 647 and Alexa 488)
or 1:100 (Rhodamine Red). All antibodies were diluted in
PBS that contained 0.3% Triton X-100 and incubations
were at 4°C. Following the immunocytochemical reaction,
sections were stained with 4,6-diamidino-2-phenylindole
(DAPI) to reveal nuclei, mounted in antifade medium and
stored at —20°C.

Sections were scanned with a Zeiss LSM 710 confocal
microscope equipped with Argon multiline, 405nm
diode, 561 nm solid state, and 633nm HeNe lasers.
They were initially viewed with epifluorescence optics,
and three sections from the chloroquine-injected mice
that contained numerous Fos™ cells were selected from
each animal, before EGFP was observed. Z-series (2 pm
spacing) were then scanned through the full thickness of
each section with the 40x oil-immersion lens (numerical
aperture 1.3), with the confocal aperture set to 1 Airy
unit. These scans included the central part of the dorsal
horn, which contained the activated cells. The z-stacks
from chloroquine-injected mice were analysed with
Neurolucida for Confocal (MBF Bioscience, Williston,
VT, USA). The outline of the grey matter was drawn,
and the ventral border of the GRP plexus (which corres-
ponds approximately to the boundary between the inner
and outer parts of lamina I1'”) was determined from a
maximum intensity projection and plotted onto the
drawing. The mediolateral extent of the region that con-
tained a high density of Fos™ cells was delineated by
drawing two parallel lines that were orthogonal to the
laminar boundaries (see Figure 1).

Initially, only the channels corresponding to NeuN
and DAPI were viewed, and the locations of all neurons
(NeuN™ cells) that lay within this region were plotted
onto the drawing. To avoid overcounting cells that were
split during sectioning,*® we included cells if at least
part of the nucleus (stained with DAPI) was present
in the first optical section of the z-series and excluded
them if part of the nucleus was present in the last optical
section.’” The channel corresponding to Fos was then
viewed, and the presence or absence of staining in each
of the neurons in the sample was recorded. Finally, the
EGFP channel was viewed and all neurons that were
EGFP™" were identified on the drawing. As Fos* cells
were present at highest density in lamina I and the outer
part of lamina II (lamina Ilo), we determined the pro-
portion of all neurons that were located within this
region and between the two parallel lines that were
Fos-immunoreactive. We then determined the propor-
tion of GFP* neurons within this volume that were
Fos-immunoreactive. Sections from the PBS-injected
mice were also examined with the confocal micro-
scope to test for the presence of Fos-immunoreactive
neurons.

Phosphorylation of ERK

In initial studies, we performed intradermal injections of
chloroquine or PBS and allowed a 5-min survival time
before perfusion fixation, as phosphorylation of ERK
occurs rapidly following stimulation.**3>3* However,
although we observed numerous pERK-positive cells in
the superficial dorsal horn of the ipsilateral L3 segment
in the chloroquine-injected mice, there were also many
pERK™ cells in the corresponding region in PBS-injected
mice. This is likely to have been caused by the mechan-
ical noxious stimulus that results from needle insertion
and distension of the skin during the intradermal injec-
tion.® In subsequent experiments, we therefore allowed a
longer postoperative survival time (30 min). Six adult
Tg(GRP-EGFP) mice of either sex (16-23 g; GENSAT)
were anaesthetised with isoflurane and received intrader-
mal injections of chloroquine (40 pug in 10 ul, » =3 mice)
or PBS (10pl, »=3 mice) into the left calf, which had
been shaved the day before, as described earlier. The
mice were maintained under isoflurane anaesthesia
throughout the survival period. They then received pento-
barbitone (20mg 1i.p.) prior to perfusion fixation
(a described earlier), which was carried out 30 min after
the intradermal injection. The tissue was processed exactly
as described for the Fos experiments, except that the
Fos antibody was replaced with rabbit anti-pERK (Cell
Signaling Technology, 9101; diluted 1:500). Confocal
scanning and analysis were performed as described for
the Fos experiments.

Characterisation of antibodies

The EGFP antibody was raised against recombinant full--
length EGFP, and the distribution of staining matches
that of native EGFP. The mouse monoclonal antibody
NeuN was raised against cell nuclei extracted from
mouse brain®® and apparently labels all neurons but no
glial cells in the rat spinal dorsal horn.*® The Fos antibody
was raised against a peptide corresponding to the N-ter-
minus of human Fos. The pERK antibody detects p44
and p42 MAP kinase (Erkl and Erk2) when these are
phosphorylated either individually or dually at Thr202
and Tyr204 of Erkl or Thr185 and Tyrl87 of Erk2. It
does not cross-react with the corresponding phosphory-
lated residues of JINK/SAPK or of p38 MAP kinase or
with nonphosphorylated Erkl/2 (manufacturer’s specifi-
cation). Specificity of both Fos and pERK antibodies
was demonstrated by the lack of staining in nonstimulated
areas (e.g. the contralateral dorsal horn).

Statistics

Data were formatted into 2 x 2 contingency tables for each
animal, with rows corresponding to presence or absence of
EGFP and columns to presence or absence of Fos or
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Figure | Fos in the dorsal horn following intradermal injection of chloroquine.

(2) A transverse section through the dorsal horn from the L3 segment of a GRP-EGFP mouse, ipsilateral to the side in which chloroquine
(CQ) had been injected intradermally 2 h prior to perfusion fixation. Fos immunoreactivity (magenta) is superimposed on a dark-field (DF)
image. There is a cluster of Fos™ cells in the superficial part of the dorsal horn, and these are concentrated between the two dashed lines.
(b) An equivalent section from a mouse that had received an intradermal injection of PBS, in which no Fos™ cells are visible. (c—e) Higher
magnification views from the section shown in a to show the relationship between EGFP (green) and Fos. Note that although the cells are
intermingled, there are none that are double labelled in this section. All sections are maximum intensity projections of confocal z-series
(2 pm z-separation) through the full thickness of the 60 um section. Scale bars: a, b = 100 pm; c—e =50 pm.

Table | pERK and Fos following intradermal chloroquine.

% GRP-EGFP

Total pERK*/Fos™ GRP-EGFP* GRP-EGFP* % Neurons neurons
pERK/Fos neurons neurons neurons and pERK*/Fos™ pERK*/Fos™ pERK*/Fos™
Fos 417.7 (386—440) 74 (67-78) 55 (42-62) 4.0 (1-7) 17.7 (17.4-18.3) 6.8 (2.4-11.3)
pERK 398 (309—475) 82.7 (59-110) 50 (45-60) 1.3 (1-2) 20.9 (16.6-26.8) 2.8 (1.7-4.4)

Note. pERK: phospho extracellular signal-regulated kinase; GRP: gastrin-releasing peptide; EGFP: enhanced green fluorescent protein. The table shows
quantitative data from the region delineated by high levels of Fos or pERK, and were obtained from three mice in each case.

pERK. To determine whether there was a consistent dif-
ference in the proportions across the tables for the different
cell types, we used the Mantel-Haenszel analysis.*!
Breslow—Day testing for homogeneity of the odds ratio
was conducted prior to computation of the Mantel-
Haenszel odds ratio and 95% confidence intervals.

Results
Fos

Injection of chloroquine into the calf, followed by a sur-
vival time of 2 h, resulted in expression of Fos in neurons
in the superficial part of the dorsal horn of the L3

segment ipsilateral to the injection site. The cells were
found throughout the length of the segment but were
restricted to a narrow mediolateral band (around
100 pm wide) in the middle part of the dorsal horn
(Figure 1a), which corresponds to the central projection
zone of primary afferents from the lateral part of the
calf.*> They were largely restricted to laminae I and ITo
and were rarely seen in deeper parts of the dorsal horn.
Within the delineated region, the mean total number of
neurons in laminae I-ITo pooled from three sections
from each animal varied from 386440 (n=3 mice),
and the proportion of these that showed Fos was 18%
(Table 1). In the PBS-injected mice, only very occasional
cells showing Fos were evident (Figure 1b).
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Figure 2 pERK in the dorsal horn following intradermal injection of chloroquine.

(a) A transverse section through the dorsal horn from the L3 segment of a GRP-EGFP mouse, ipsilateral to the side in which chloroquine
(CQ) had been injected intradermally 30 min prior to perfusion fixation. pERK immunoreactivity (magenta) is superimposed on a dark-field
(DF) image. There is a cluster of pERK™ cells in the superficial dorsal horn, which is concentrated between the two dashed lines. (b) An
equivalent section from a mouse that had received an intradermal injection of PBS, in which no pERK™ cells are visible in the superficial
laminae. (c—e) Higher magnification views from the section illustrated in a show the relationship between EGFP (green) and pERK. Note
that although the cells are intermingled, there are none that are double labelled in this section. All sections are maximum intensity
projections of confocal z-series (2 pm z-separation) through the full thickness of the 60 um section. Scale bars: a, b= 100 pm; c—e =50 pm.

Table 2 Analysis of odds ratios for coexpression of EGFP and activity-dependent markers.

Mantel-Haenszel test of conditional independence

Estimate of 95% confidence

Activity-dependent  Breslow—Day

marker significance Py df Significance common odds ratio interval
Fos 0.259 13.92 | <0.001 0.32 0.17-0.59
pERK 0.937 3256 | <0.001 0.09 0.03-0.25

As reported previously,'*!***2> GRP-EGFP neurons
were particularly numerous in lamina II, but were occa-
sionally seen in lamina I, and were also scattered through
the deeper parts of the dorsal horn (Figures lc,e and 2).
Although there was considerable overlap in the distribu-
tion of GRP-EGFP and Fos, relatively few of the GRP-
EGFP cells were Fos-immunoreactive (Figure 1). The
mean number of GRP-EGFP cells that were sampled
in lamina I-ITo in the delineated area was 55, and of
these, 7% were Fos-immunoreactive (Table 1).

To determine whether the presence of Fos among
GRP-EGFP cells was significantly less frequent than
that in the general population of neurons, we measured

the common odds ratio for the three mice (Table 2). The
95% confidence interval was below 1, indicating that the
GRP-EGFP cells were significantly less likely than other
neurons in this region to express Fos.

pERK

Thirty minutes after chloroquine injection, numerous
pERK-positive cells were seen in the ipsilateral L3 seg-
ment, while in contrast, very few pERK cells were seen in
the mice that had received injection of PBS (Figure 2).
The distribution of pERK cells in the chloroquine-
injected mice was similar to that of Fos-positive neurons
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described earlier, forming a narrow mediolateral band in
the middle part of the dorsal horn throughout the L3
segment. The total number of neurons in laminae I-Ilo
within the region delineated by pERK-immunoreactivity
varied from 309 to 475 (n=3 mice), and the proportion
of these that were pERK-immunoreactive was 21%
(Table 1). Again, although numerous GRP* cells were
present in this region (mean 50 cells), relatively few of
these (3%) were pERK-immunoreactive (Figure 2c—e).
The 95% confidence interval for the common odds ratio
was below 1, indicating that GRP-EGFP cells were sig-
nificantly less likely than other neurons to have phos-
phorylated ERK (Table 2).

Discussion

The main findings of this study are that following
intradermal injection of 40 ug chloroquine into the calf,
around 20% of neurons in laminae I-Ilo in the
somatotopically appropriate region of L3 upregulate
Fos and phosphorylate ERK. However, although the
activated cells showed an overlapping distribution with
GRP-EGFP neurons, the latter were seldom Fos- or
pERK-positive.

Fos and pERK as markers for itch activation

Several previous studies have used expression of Fos to
identify neurons in the spinal dorsal horn that were acti-
vated by various pruritogens, including chloroquine, or
in models of chronic itch.’32343759 Between them,
these studies have involved intradermal injections into
several body regions: the cheek, neck, back, calf, and
hindpaw. In each case, Fos™ neurons have been identi-
fied in laminae I-II of the corresponding spinal cord seg-
ments or spinal trigeminal nucleus. The distribution of
Fos™ cells seen in the present study was therefore entirely
consistent with these reports. As very few Fos cells were
seen following an equivalent injection of the vehicle
(PBS), it is highly likely that the Fos was induced as a
result of the chloroquine and therefore represents the
response to a pruritic stimulus.

There have apparently been very few reports of ERK
phosphorylation in itch models. Zhang et al.>* showed
that histamine injected intradermally in the neck or hind-
paw caused phosphorylation of ERK, which could be
detected in the superficial dorsal horn, peaking 30 min
after the stimulus. However, they found that intradermal
injections of chloroquine that were sufficient to induce
scratching did not evoke pERK. It is difficult to explain
the discrepancy between their findings and those
reported here, although in their study, the mice were
not anaesthetised, and it is therefore possible that
scratching of the affected area or activity in descending
systems that are inactive during general anaesthesia

suppressed ERK phosphorylation. It is unlikely that dif-
ferences in the site of injection (neck in Zhang et al. and
calf in the present study) were responsible for the differ-
ent results, as Fos studies have shown very similar pat-
terns of expression when pruritogens were injected into
different sites. We found very little pERK in animals that
had survived 30 min after PBS injection, which suggests
that the phosphorylation was evoked by the chloroquine
and therefore represents a pruritic response. However,
our preliminary experiments with 5-min survival times
indicated that the injection itself could cause significant
phosphorylation of ERK. This was clearly very short
lived, as it had completely subsided by 30 min.

Comparing our findings with Fos and pERK shows
that there was a very similar distribution of labelled cells
and that a comparable proportion of lamina I-Ilo neu-
rons within the somatotopically appropriate region was
affected (~20% in each case). Since ERK phosphoryl-
ation is an upstream regulator of Fos in the dorsal
horn,”' it is likely that the two markers were labelling
equivalent populations of neurons, and the finding that
GRP-EGFP cells were underrepresented with both mar-
kers is consistent with this suggestion.

Interestingly, Zhang et al.* reported that blocking
phosphorylation of ERK with a MEK inhibitor reduced
scratching behaviour in response to histamine but not
to chloroquine. Our findings indicate that ERK is phos-
phorylated following intradermal injection of chloro-
quine but presumably it is not required for the resulting
behaviour.

The identity of the itch-activated neurons in laminae
I-IIo is not yet known, although it is likely that the great
majority are interneurons,”® and it will therefore be
important for future studies to determine which neuro-
chemical classes of interneuron show Fos or pERK fol-
lowing pruritogen injections. We have recently provided
evidence that four nonoverlapping populations, defined
by expression of GRP, neurotensin, neurokinin B, and
substance P, can be identified among the excitatory inter-
neurons in laminae I-111.""** However, the neurotensin
and neurokinin B populations are both concentrated in
the inner part of lamina II and lamina III and are there-
fore unlikely to be involved in itch. At present, the sub-
stance P-expressing cells are difficult to identify with
immunocytochemistry due to the low level of peptide
present in their cell bodies.

A role for GRP-expressing interneurons
in chloroquine-evoked itch?

There is considerable evidence that the GRPR plays an
important role in several forms of itch,' including that
evoked by chloroquine.®!'® As it has been suggested that
GRP-expressing dorsal horn interneurons are part of
the itch pathway,'***?® we were surprised to find that
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GRP-EGFP cells were underrepresented among those
that showed either Fos or pERK. It is likely that the
dose of chloroquine we used was sufficient to cause itch-
ing, as similar doses have evoked scratching or biting in
other studies in the mouse.’>>* In addition, we have
found that intradermal injection of 40 pg of chloroquine
into the calf in mice without Elizabethan collars leads
to biting of the injected area (EP unpublished data),
and this dose was sufficient to evoke Fos or pERK in
a substantial proportion (~20%) of the neurons in lami-
nae I-Ilo in this study.

This leaves several possible explanations for this para-
dox. (1) A significant number of GRP-EGFP cells may
have been activated without expressing Fos or phosphor-
ylating ERK, and the risk of false-negative results should
always be considered with studies involving these activ-
ity-dependent markers. It is also possible that a relatively
low level of activation is required to induce release of
neuropeptides, including GRP. (2) It may be that suffi-
cient GRP is released from the relatively few GRP-EGFP
cells that were activated. (3) Solorzano et al.'* reported
that only ~70% of neurons with GRP mRNA were
EGFP™ in this mouse line and therefore EGFP-negative
GRP-expressing neurons may have been activated.
However, this explanation would require that there was
a specific subpopulation of GRP-expressing neurons that
lacked EGFP and that these were selectively activated by
chloroquine.

Alternatively, the GRP-expressing dorsal horn inter-
neurons may not be critically involved in itch pathways.
There continues to be considerable debate about whether
GRP is released from primary afferents,'>** and if it is
then this would be consistent with our findings.
However, the majority view now appears to be against
primary afferents as a source of GRP,">'® at least in
naive animals.'*

Finally, it is possible that the GRPR on lamina I
neurons is activated by a different peptide. Although
the other main bombesin-like peptide, neuromedin B,
is expressed in primary afferents,’”'® it has a very
low affinity for the GRPR>* and is therefore unlikely
to mediate its activation following pruritic stimula-
tion. However, there may be another, as yet
unknown, peptide that forms the link between prur-
iceptive primary afferents and the GRPRs that are
expressed by lamina I neurons, and the fact that
there is an orphan receptor (BB3) would be consis-
tent with this suggestion.>

Conclusions

The results of this study show that both Fos and
pERK can be used to identify cells that have been acti-
vated by intradermal injections of the pruritogen
chloroquine and that similar numbers of cells are

labelled for each marker. However, they do not support
the suggestion that GRP-expressing interneurons in the
superficial dorsal horn are preferentially activated by
chloroquine.
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Abstract \
Excitatory interneurons account for the majority of neurons in the superficial dorsal horn, but despite their presumed contribution to
pain and itch, there is still limited information about their organisation and function. We recently identified 2 populations of excitatory
interneuron defined by expression of gastrin-releasing peptide (GRP) or substance P (SP). Here, we demonstrate that these cells
show major differences in their morphological, electrophysiological, and pharmacological properties. Based on their
somatodendritic morphology and firing patterns, we propose that the SP cells correspond to radial cells, which generally show
delayed firing. By contrast, most GRP cells show transient or single-spike firing, and many are likely to correspond to the so-called
transient central cells. Unlike the SP cells, few of the GRP cells had long propriospinal projections, suggesting that they are involved
primarily in local processing. The 2 populations also differed in responses to neuromodulators, with most SP cells, but few GRP cells,
responding to noradrenaline and 5-HT; the converse was true for responses to the w-opioid agonist DAMGO. Although a recent
study suggested that GRP cells are innervated by nociceptors and are strongly activated by noxious stimuli, we found that very few
GRP cells receive direct synaptic input from TRPV1-expressing afferents, and that they seldom phosphorylate extracellular
signal-regulated kinases in response to noxious stimuli. These findings indicate that the SP and GRP cells differentially process

somatosensory information.

Keywords: Glutamatergic interneuron, Radial cell, Central cell, GRP, Pain

1. Introduction

The superficial laminae (I-1l) of the spinal dorsal horn are the main
target for nociceptive and pruriceptive primary afferents.
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Consequently, neurons within this region are involved in trans-
mitting and modulating signals perceived as pain and itch.
Although some of these cells project to the brain, most (~99%)
are interneurons.’®%® Although early models emphasised the
importance of inhibitory interneurons in gating nociceptive
inputs,*® the majority of interneurons in these laminae are
glutamatergic excitatory cells,®® and these are both functionally
and morphologically heterogeneous.?24%:5671:78 Recent studies
demonstrated that the excitatory interneurons are essential for
normal perception of pain and itch, and suggested that particular
subgroups process distinct sensory modalities.'®° It is therefore
important to define functional populations among these cells.
Among the morphologically distinct classes of excitatory
interneurons are vertical cells, which have ventrally directed
dendrites; radial cells, which have compact, highly branched
dendritic trees; and central cells, which have rostrocaudally
orientated dendrites. These differ in physiological properties®?”"
and may therefore correspond to functional populations.
However, many excitatory interneurons cannot be assigned to
a particular morphological class,”® and we have developed an
alternative classification scheme based on the largely non-
overlapping expression of 4 neuropeptides: neurotensin, neuro-
kinin B (NKB), gastrin-releasing peptide (GRP), and substance P
(SP).232% Together, these account for over half of the excitatory
interneurons in laminae | and Il. Neurotensin and NKB neurons
are concentrated in inner lamina Il (Ili), and overlap extensively
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with cells expressing protein kinase Cy (PKCry). Gastrin-releasing
peptide—expressing neurons are found throughout lamina Il and
can been identified in a GRP::eGFP BAC transgenic mouse.®’
Gastrin-releasing peptide cells have attracted particular interest
because of their contribution to itch.*¢%° Gastrin-releasing
peptide released from these cells targets the GRP receptor
(GRPR), which is expressed by a different population of excitatory
interneurons in lamina | and outer lamina Il (ll0).%"%2 Gastrin-
releasing peptide cells are innervated by pruriceptive afferents
that express MrgA3, a receptor for the pruritogen chloroguine,°
and are believed to act as “secondary pruriceptors” in a pathway
linking pruriceptive afferents to GRPR-expressing interneurons, *°
which innervate lamina | projection neurons. Substance P is
cleaved from a precursor, preprotachykinin A (PPTA) coded by
Tac1, and SP-expressing neurons can be identified by intraspinal
injection of adeno-associated viruses (AAVs) containing Cre-
dependent expression cassettes into mice in which Cre-
recombinase is knocked into the Tac? locus (Tac1®™®). Using
this approach, we found that SP-expressing cells are located
mainly in lamina llo, somewhat dorsal to GRP cells, although the
populations show some spatial overlap.?® Although SP-
expressing neurons include some projection neurons and
inhibitory cells, the great majority are excitatory interneurons.2%:2°

Despite the nonoverlapping expression pattern of these
neuropeptides, we cannot be certain that GRP and SP cells
represent distinct functional populations. Here, we used a variety
of techniques to characterise and compare GRP- and SP-
expressing neurons in the mouse superficial dorsal horn. We find
that these 2 populations differ widely in anatomical, electrophys-
iological, and pharmacological properties, suggesting that they
represent distinct populations that are likely to contribute
differentially to somatosensory processing.

2. Methods

Experiments were approved by the Ethical Review Process
Applications Panel of the University of Glasgow and were
performed in accordance with the UK Animals (Scientific
Procedures) Act 1986 and the University of California, San
Francisco’s Institutional Animal Care and Use Committee
guidelines.

2.1. Animals

We used 2 genetically modified mouse strains: a BAC transgenic
Tg(GRP-EGFP) from GENSAT in which GFP is expressed under
control of the GRP promoter, 264657 and a line in which Cre-
recombinase is inserted into the Tac? locus (Tac1-IRES2-Cre-D;
Jackson Laboratory, Bar Harbor, ME; Stock number 021877).28
These lines are referred to as GRP::eGFP and Tac1°, re-
spectively. GRP::eGFP mice were maintained as heterozygotes,
whereas most of the Tac1“™ mice were homozygous. Both
strains were maintained on a C57BL/6 background. For some
experiments, the 2 lines were crossed to produce double
transgenic mice (Tac1°®;GRP::eGFP). Unless otherwise stated,
mice of either sex weighing between 14 and 28 g were used in all
parts of the study. Most of the mice that were used for anatomical
studies underwent perfusion fixation. They were deeply anaes-
thetised with pentobarbitone (20 mg, intraperitoneally [i.p.]) and
perfused through the heart with a fixative that contained 4%
freshly depolymerised formaldehyde in phosphate buffer. Spinal
cord tissue was rapidly dissected out and postfixed at 4°C for 2
hours (unless stated otherwise).
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2.2. Intraspinal injection

Intraspinal injections were performed to deliver viral vectors
coding for Cre-dependent constructs into Tac1“™® or Tac1°™;
GRP::eGFP mice, and to deliver the retrograde tracer cholera
toxin B (CTb) subunit into GRP::eGFP mice. Table 1 lists the viral
vectors used. To identify SP cells, we used AAVs coding for Cre-
dependent eGFP or tdTomato, and to investigate the somato-
dendritic morphology of these cells, we used AAV-Brainbow
vectors.® The injections used a modification of the method of
Foster et al.’ as described previously.?® The mice were
anaesthetised with 1% to 2% isoflurane and placed in a stereo-
taxic frame. For the experiments involving AAVs, 2 injections were
made in each animal, either into the L3 and L5 segments on one
side, or else bilaterally into either the L3 or L5 segments. The
vertebral column was exposed, and vertebral clamps were
attached to the T12 and L1 vertebrae. The space between the
laminae of T12 and T13 was used for L3 injections and that
between laminae of T13 and L1 for L5 injections. In each case,
a small incision was made in the dura to the side of the midline,
and injections were made through glass micropipettes (inner
diameter of tip 40 wm) into the spinal dorsal horn. Injections were
made 300 to 500 wm lateral to the midline at a depth of 300 pm
below the pial surface and were administered at a rate of 30 nL/
minute. The wound was then closed, and animals were allowed to
recover with appropriate analgesia (buprenorphine 0.3 mg/kg
and carprofen 5 mg/kg). Injections of CTb into the GRP::eGFP
mice were targeted on the T13 spinal segment. These injections
were performed as described above, except that they were made
through the space between the laminae of T11 and T12
vertebrae.?® In each case, a single injection (300 nL of 1% CTb)
was made into the dorsal horn on the right side, and the animals
survived for 4 days before perfusion fixation.2®

2.3. General features of immunocytochemistry and
characterisation of antibodies

Multiple labelling immunofluorescence microscopy was per-
formed as described previously.?® Table 2 lists the sources and
concentrations of the antibodies used. Briefly, spinal cord
segments were cut into 60-wm-thick transverse or parasagittal
sections with a vibrati