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Grpr expression defines a population of superficial
dorsal horn vertical cells that have arole in both itch

and pain
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Abstract \
Neurons in the superficial dorsal horn that express the gastrin-releasing peptide receptor (GRPR) are strongly implicated in spinal

itch pathways. However, a recent study reported that many of these correspond to vertical cells, a population of interneurons that are
believed to transmit nociceptive information. In this study, we have used a GRPRER™ mouse line to identify and target cells that
possess Grpr mRNA. We find that the GRPR cells are highly concentrated in lamina | and the outer part of lamina Il, that they are all
glutamatergic, and that they account for ~15% of the excitatory neurons in the superficial dorsal horn. We had previously identified 6
neurochemically distinct excitatory interneuron populations in this region based on neuropeptide expression and the GRPR cells are
largely separate from these, although they show some overlap with cells that express substance P. Anatomical analysis revealed that
the GRPR neurons are indeed vertical cells, and that their axons target each other, as well as arborising in regions that contain
projection neurons: lamina |, the lateral spinal nucleus, and the lateral part of lamina V. Surprisingly, given the proposed role of GRPR
cells in itch, we found that most of the cells received monosynaptic input from Trpv1-expressing (nociceptive) afferents, that the
majority responded to noxious and pruritic stimuli, and that chemogenetically activating them resulted in pain-related and itch-
related behaviours. Together, these findings suggest that the GRPR cells are involved in spinal cord circuits that underlie both pain

and itch.
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1. Introduction

The superficial dorsal horn (SDH, laminae I-1l) of the spinal cord is
innervated by fine-diameter primary afferents that function as
nociceptors, pruritoceptors, and thermoreceptors. Information
conveyed by these afferents is transmitted through complex
neuronal circuits, involving local neurons and descending axons,
before being conveyed to the brain by projection neurons
belonging to the anterolateral system (ALS)."%-6°
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Although these projection neurons are concentrated in lamina
[, most (~99%) neurons in SDH are interneurons, and ~75% of
these are excitatory.*® A widely accepted classification scheme
established by Grudt and Perl?? identified 3 distinctive classes
among the excitatory interneurons in lamina Il: vertical, radial, and
transient central cells. Subsequent studies identified a pathway
through which another set of excitatory interneurons (those
expressing protein kinase Cvy, PKCr) activate a circuit involving
transient central cells, vertical cells, and lamina | projection
neurons.>®%7 It was proposed that vertical cells normally convey
nociceptive input to lamina | projection neurons,’® and that in
neuropathic states, loss of inhibitory input to the PKCy cells
allows low-threshold mechanoreceptive inputs to activate this
circuit, thus conveying tactile information to a normally nocicep-
tive pathway, and contributing to allodynia.®®

Recent neurochemical studies have revealed several popula-
tions among the excitatory interneurons.?”%%¢! We have
identified 6 largely nonoverlapping classes of excitatory interneu-
rons in the SDH. Five of these are defined by expression of
cholecystokinin (CCK), neurotensin, neurokinin B (NKB), sub-
stance P (SP), and neuropeptide FF (NPFF), and the sixth by the
presence of green fluorescent protein (GFP) in a GRP::GFP
transgenic mouse line.”32%2¢ These classes account for ~75%
of excitatory interneurons in laminae |-l and show good
correspondence with transcriptomic populations.” We reported
that the SP and GRP-GFP populations include radial and
transient central cells, respectively, whereas the CCK, neuro-
tensin, and NKB populations overlap extensively with PKC~ cells
in the inner part of lamina Il and lamina III.'6:2%
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Another population of excitatory interneurons that has
attracted considerable attention consists of cells expressing the
gastrin-releasing peptide receptor (GRPR). These are located in
lamina | and outer lamina I, and there is strong evidence
implicating them in itch. For example, mice lacking GRPR
showed normal pain behaviours, but reduced pruritogen-
evoked itch, while intrathecal administration of a gastrin-
releasing peptide (GRP) agonist caused scratching that was
blocked by administration of an antagonist.®” In addition, ablation
of GRPR-expressing cells reduces itch, but not pain, behav-
iours.®® This has led to the suggestion that GRP released from
other excitatory interneurons acts on the GRPR cells, which
therefore represent "tertiary pruritoceptors” in the spinal itch
circuit.*>** However, a recent study®* reported that GRPR
neurons, identified in a GRPR::GFP transgenic mouse line,
resembled vertical cells, which (as noted above) are believed to
be part of a spinal pain pathway.®® The aim of this study was to
determine the relationship of GRPR neurons to other neuro-
chemical populations that we have defined and to test the
hypothesis that these cells transmit both noxious and pruritic
information.

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.

2.1. Animals and operative procedures

We used a mouse line (GRPR“"®F772) in which an insert coding for

a fusion protein consisting of codon-improved Cre recombinase
(iCre) and mutated estrogen receptor was located in the GRPR
locus.*" Bicistronic expression ensured that both iCre and GRPR
were expressed simultaneously. In some cases, the GRPRC6ERT2
mice were crossed with the Ai9 reporter line (Jackson Laboratory;
Stock number 007909) in which Cre-mediated excision of a
STOP cassette results in expression of the red fluorescent protein
tdTomato. We also crossed the GRPRC™ER™2 jine with A9 and
GRP::GFP mice to generate a GRPRC™ERT2;Ai9;GRP::GFP
Cross.

Mice of both sexes, weighing between 14 and 29 g, were used
for the study. The animals were between 5 and 14-week-old at
the time of tissue harvest (for anatomy), electrophysiological
recording, or behavioural testing. All mice, apart from those used
for in situ hybridisation, received intraperitoneal injections of
tamoxifen. In preliminary experiments, we had tested the effect of
different doses of tamoxifen (2, 4, 6, and 9 mg) on GRPRCERT2:
Ai9 mice and found that the numbers of tdTomato cells in laminae
I-Il increased with increasing dose up to 6 mg, but that there was
no further increase at 9 mg. We therefore used a 6-mg dose (2
intraperitoneal injections of 3 mg given on consecutive days) in
most experiments. For those mice that had received intraspinal
injection of viral vectors, tamoxifen was given at least 2 days after
the operation. In all cases, animals survived for at least 4 days
(and in most cases at least 1 week) after tamoxifen administration
to allow adequate recombination. Because the GRPR gene is
located on the X chromosome, experiments involving
GRPRC™ER™2 mjce that required maximal capture used either
male animals that were hemizygous or females that were
homozygous for the mutated allele. This was the case for counts
to estimate the proportion of neurons that were GRPR+ and for
behavioural experiments that involved chemogenetic activation.
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Intraspinal injections of viral vectors coding for Cre-dependent
constructs were performed as described previously. 6294 |n
brief, mice were anaesthetised with isoflurane (~1.5%) and
received injections into the lumbar spinal cord. These were
targeted into the L3 and L5 segments on one side, the L3, L4, and
L5 segments on one side, or the L3 segment on both sides.
Injections into the L3 and L5 segments were made through the
spaces between the T12-T13 and T13-L1 vertebrae, respec-
tively. For the L4 segment, a small hole was drilled through the
lamina of T13 to provide access. Injections were made 400 pm
lateral to the midline at a depth of 300 wm below the cord surface,
with a flow rate of 30 nL per minute. After each injection, the
pipette was left in place for 5 minutes to minimise leakage back up
the track. Details of viruses are provided in Table 1 and a
description of individual operations appears below. All animals
that underwent surgical procedures received perioperative
analgesia (buprenorphine 0.05 mg/kg and carprofen 5
mg/kg s.c.).

Tissue for fluorescence in situ hybridization experiments was
obtained from mice that had been decapitated under deep
isoflurane anaesthesia, and this was rapidly frozen on dry ice. For
electrophysiological experiments, mice were anaesthetised with
pentobarbitone (20 mg i.p.) and perfused through the vascular
system with ice-cold dissection solution. They were then
decapitated, and the spinal cord was rapidly removed. All other
mice, including those used for behavioural experiments (see
below), underwent perfusion fixation under deep terminal
anaesthesia. They were anaesthetised with pentobarbitone as
described above and perfused through the heart with fixative.
Unless otherwise stated, this contained 4% freshly depolymer-
ised formaldehyde in phosphate buffer, and spinal cord tissue
was rapidly dissected out and postfixed at 4°C for 2 hours.

For convenience, we refer to cells that expressed Cre in the
GRPRC™ERT2 ling (detected either with reporter crosses or by the
viral strategy) as GRPR cells.

2.2. Fluorescence in situ hybridisation

Fluorescence in situ hybridisation was performed with RNAscope
probes and RNAscope fluorescent multiplex reagent kit 320850
(ACD Bio-Techne; Newark, CA 94560). Fresh frozen lumbar
spinal cords from 4 wild-type mice and 2 GRPRER2: Ai9 mice
(homozygous for GRPRC™EF™2) were embedded in optimal
cutting temperature (OCT) medium and cut into transverse 12-
pm thick sections with a cryostat (Leica CM1950; Leica, Milton
Keynes, United Kingdom). The sections were mounted onto
Superfrost Plus slides (48311-703; VWR; Lutterworth, United
Kingdom) such that there was a gap of at least 36 um in the
rostrocaudal axis between sections. Reactions were performed
according to the manufacturer’s recommended protocol. Details
of the probes are listed in Table 2. Sections from the wild-type
mice were reacted with probes for Grpr and Slc17a6 (4 mice).
Sections from the GRPRC™ERT2:Ai9 mice were reacted with
probes for Grpr and iCre. Sections from the wild-type mice were
also reacted for Grpr and either Tacl or Gadl (3 mice per
reaction). Positive and negative control probes were also tested
on other sections, as described previously.?® Sections were
mounted with ProLong Glass antifade medium with NucBlue
(Hoechst 33342; Thermo Fisher Scientific, Paisley, United
Kingdom). The full thickness of the section was scanned with a
Zeiss LSM 710 confocal microscope equipped with Argon
multiline, 405-nm diode, 561-nm solid state, and 633-nm HeNe
lasers, through a 40X oil immersion lens (numerical aperture, NA,
1.3), and tile scanning was used to cover the whole of laminae I-Il.
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Adeno-associated virus vectors.

Serotype Promoter Construct(s) Source Catalogue number Details of injection

Number of GCs Volume
AAV.flex.eGFP AAV2 hSyn1 eGFP VWF Zurich  v115-2 2.0 x 108 300 nL
AAV.flex.eGFP AAV8 CAG eGFP VWF Zurich  v158-8 2.58 X 108 300 nL
AAV.flex.tdTomato AAVA CAG tdTomato PennCore  ¢s1038 9.21 X 10’ 300 nL
AAV flex.tdTomato_Syp-eGFP  AAV1 hSyn1 tdTomato, Syp-eGFP VWF Zurich  v155-1 5.4 % 108 300 nL
AAV-EF1a-BbTagBY (AAV-BB1) AAV9 hEF1a TagBFP, YFP Addgene 45185 7.55 X 107 500 nL
AAV-EF1a-BbChT (AAV-BB2)  AAV9 hEF1a mTFP, mCherry Addgene 45186 7.44 x 10" 500 nL
AAV.DIO.dAPEX2 AAVA hEF1a Mutated soybean ascorbate peroxidase 1 dAPEX2 VVF Zurich V568-1 2.07 x 10° 300 nL
AAV.flex.nM3D(Gq) AAV2 hSyn1 hM3Dg-mCherry VVF Zurich  v89-2 3.84 x 10° 300 nL

The values in columns 7 and 8 refer to individual injections; in most cases, mice received more than 1 injection into different segments and/or into different sides of the same segment. GCs, gene copies; eGFP, enhanced green

fluorescent protein; mTFP, membrane-targeted teal fluorescent protein.

Cells counts to determine the degree of colocalization between
Grpr and Gad1 or Tac1 transcripts were performed manually
using Neurolucida for Confocal software (MBF Bioscience,
Williston, VT). The entire z-stack was examined, and transcripts
belonging to a cell were judged as those distributed either within
the nucleus or immediately adjacent to it. Cells were defined as
positive for expression of a given gene if they contained 4 or more
transcripts. For the analysis of the relationship between Grpr and
Slc17a6 or iCre transcripts, a quantitative analysis of transcript
numbers was conducted using the cell detection and subcellular
object features of QuPath software. Single representative optical
sections from the centre of the image stacks were used.
Recognition and segmentation of individual nuclei was performed
based on NucBlue staining, and an additional 2 pwm perimeter
was added to each nucleus to allow detection of perinuclear
transcripts. Any areas with poor nuclear segmentation were
manually excluded from the analysis. Detection thresholds were
adjusted manually until the markup accurately reflected the
transcript distribution; then, a transcript count for each individual
cell was obtained.

2.3. General features of immunohistochemistry

Multiple labelling fluorescence immunohistochemistry was per-
formed as described previously.”?® Transverse or sagittal
sections 60 pm thick were cut from lumbar spinal cord segments

with a vibrating blade microtome (Leica VT1000 or VT1200).
Sections were incubated for 3 days in primary antibodies (listed in
Table 3), which were diluted in phosphate-buffered saline (PBS)
that contained 0.3% Triton X-100 and 5% normal donkey serum,
and then overnight in appropriate species-specific secondary
antibodies (Jackson ImmunoResearch, West Grove, PA), which
were raised in donkey and conjugated to Alexa488, Alexa647,
Rhodamine Red, Pacific Blue, or biotin. All secondary antibodies
were diluted 1:500 (in the same diluent), apart from those
conjugated to Rhodamine Red or Pacific Blue, which were diluted
1:100 and 1:200, respectively. Biotinylated secondary antibodies
were revealed with Pacific Blue conjugated to avidin (1:1000; Life
Technologies, Paisley, United Kingdom) or with a tyramide signal
amplification method.” After immunoreaction, sections were
mounted in antifade medium and stored at —20°C. They were
scanned with the Zeiss LSM 710 confocal microscope, through a
20X dry lens (NA 0.8) or 40X or 63X oilimmersion lenses (NA 1.3
and 1.4, respectively) with the confocal aperture set to 1 Airy unit
or less. Confocal scans were obtained with a 1 um z-separation
unless stated otherwise. Analyses were performed with Neuro-
lucida for Confocal software.

2.4. Comparison of viral vs reporter strategies

To assess the efficiency of labelling in the GRPRC™ERT2: Ai9 cross
with that seen after spinal injection of adeno-associated virus

RNAscope probes used in this study.

Probe Protein/peptide Channel Catalogue Z-pair Target
numbers numbers number region
Grpr GRPR 3 317871 20 463-1596
Slc17a6 VGLUT2 2 319171 20 1986-2998
Gad1 Glutamate decarboxylase (GAD) 67 1 400951 15 62-3113
iCre Codon-improved Cre recombinase 2 423321 16 2-1028
Tact Substance P 1 410351 15 20-1034
RNAscope multiplex positive control (Polr2a, — Polr2a: DNA-directed RNA polymerase Il subunit 1,2,3 320881 20 2802-3678
Ppib, and Ubc) RPB1; Ppib: Peptidyl-prolyl cis-trans isomerase 15n/a 98-856
B; and Ubc: Polyubiquitin-C 34-860
RNAscope multiplex negative control (dapB)  dapB: 4-Hydroxy-tetrahydrodipicolinate 1,2,3 320871 10 414-862

reductase (derived from &, subiis)
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Antibodies used in this study.

Antigen Species Dilution Source Catalogue # RRID

mCherry* Rat 1:1000 Invitrogen M11217 RRID:AB_2536611
mCherry* Chicken 1:5000-1:10,000 Abcam Ab205402 RRID:AB_2722769
mCherry* Rabbit 1:1000 Abcam Ab167453 RRID:AB_2571870
GFP Chicken 1:1000 Abcam Ab13970 RRID:AB_300798
mTFP Rat 1:500 Kerafast EMU103

TagRFPT Guinea pig 1:500 Kerafast EMU107

Pro-NPFF Guinea pig 0.83 pg/mL Gutierrez-Mecinas et al. (2019a) RRID:AB_2783015
Pro-CCK Rabbit 1:1000 Booker et al. (2017) RRID:AB_2571674
Neurotensin Rat 1:1000 Porteous et al. (2011) RRID:AB_2314928
PPTB Guinea pig 1:10,000 Kaneko et al. (1998) RRID:AB_2783015
pERK Rabbit 1:200 Cell Signaling Technology 9101 RRID:AB_331646
PKCy Guinea pig 1:1000 Yoshida et al. (2006) RRID:AB_2571826
Pax2 Rabbit 1:1000 Life Technologies 716000 RRID:AB_2533990
NeuN Guinea pig 1:1000 Synaptic Systems 266 004 RRID:AB_2619988

* mCherry antibodies recognise TdTomato.
T The tagRFP antibody recognises tagBFP.

(AAV) coding for Cre-dependent transgenes, we immunostained
tissue from 3 GRPRC™ERT2: Ai9 mice that had received intraspinal
injections of AAV.flex.eGFP (either AAV2 or AAV8 serotypes).
Transverse sections from segments containing the injection sites
were reacted with antibodies against GFP, mCherry (rat antibody)
and NeuN, and after incubation with secondary antibodies, the
sections were counterstained with 4’,6-diamidino-2-phenylin-
dole (DAPI). A modification of the optical disector method*® was
used to quantify neurons that expressed either tdTomato or GFP
inthe SDH. A 10 um z-separation was set between reference and
lookup sections, and all intervening sections were examined to
reveal any neurons that might have been located between these 2
levels. In this way, we identified all neurons for which the bottom
surface of the nucleus was located between the reference and
lookup sections. Because this analysis revealed that the viral
strategy labelled more cells (see below), we used this approach to
determine the proportion of SDH neurons that were GRPR+. To
do this, we used the disector technique to analyse tissue from 3
homozygous GRPRC™®ERT2 mice that had received intraspinal
injections of AAV.flex.eGFP.

2.5. Relation of gastrin-releasing peptide receptor cells to
other interneuron populations

We initially tested whether any of the GRPR cells were inhibitory
by immunostaining sections from 2 GRPRC™ER2 mice that had
received intraspinal injections of AAV.flex.eGFP with antibodies
against Pax2 and NeuN. Sections were counterstained with
DAPI, and the disector method was used to sample GFP-positive
neurons. We then viewed the channel corresponding to Pax2 and
noted its presence or absence in the selected GFP cells.

We also looked for overlap between the GRPR cells and other
excitatory interneuron populations, defined by expression of
NPFF, CCK, neurotensin, and NKB. These were revealed with
antibodies against pro-NPFF, pro-CCK, neurotensin, and pre-
protachykinin B (PPTB), respectively. For each of these pop-
ulations, we examined sections from 3 or 4 GRPR“"®5""2 mice
that had received intraspinal injection of AAV.flex.eGFP.

Transverse sections were reacted with the following antibodies:
(1) pro-NPFF and pro-CCK, (2) neurotensin and PKCry, and (3)
PPTB. The PKCy antibody was used in the second series
because it facilitates the identification of neurotensin-
immunoreactive cells.?® We identified GFP+ neurons in confocal
scans and determined whether they were immunoreactive for any
of the peptides or peptide precursors.

In addition, we tested for overlap of the GRPR and GRP-GFP
populations in sections from 3 GRPRC™ERT2: Ai9: GRP::GFP mice.
Sections were immunostained for GFP and mCherry (rat
antibody). We identified tdTomato-positive cells and looked for
the presence of GFP.

2.6. Morphology

We used the viral Brainbow method" to reveal the somatoden-
dritic morphology of GRPR cells. Three GRPR®™ER™2 mice
received 2 injections containing a mixture of AAV.BB1 and
AAV.BB2 (Table 1), as described previously.'® After perfusion
fixation, sagittal sections through the injected segments were
reacted with antibodies against mCherry, mTFP, and tagRFP,
which were revealed with Rhodamine Red, Alexa488, and Pacific
Blue, respectively. The tagRFP antibody recognises tagBFP,
which is expressed from AAV.BB2. Sections were scanned
through the 63X lens with a z-spacing of 0.5 wm to generate z-
series through the full thickness of the sections. Ten cells in
lamina | or II were selected from scans obtained from each
mouse. The selection was based on the following criteria: (1)
relatively strong staining for at least one of the 3 fluorescent
proteins, (2) location of the soma near the middle region of the z-
axis so that most or all of the dendritic tree was likely to be
contained within the section, and (3) the presence of a distinctive
colour hue that was different from that of nearby cells, allowing
unequivocal identification of the dendrites belonging to the
selected cell.’® We also restricted the analysis to cells with a
soma that was less than 40 uwm below the dorsal border of the
gray matter to exclude the relatively rare GRPR cells that are
found in the deeper parts of the dorsal homn. Cell bodies and
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dendritic trees of the selected neurons were drawn with Neuro-
lucida by following colour-coded processes originating from the
soma. It was not possible to follow axons beyond their initial
segments due to their very small diameter.

Because axons could not be followed in the Brainbow material,
we reconstructed these from GRPR cells that had undergone
patch-clamp recording and were filled with Neurobiotin (see
below). The slices were fixed overnight in 4% formaldehyde,
incubated in avidin conjugated to Alexa488, and immunostained
with anti-mCherry (to reveal tdTomato). Slices were scanned with
the confocal microscope through the 63X lens with 0.5 pm z-
spacing, and axons were drawn from the resulting image stacks
with Neurolucida. Finally, slices were resectioned at 60 pum
thickness and the sections were immunostained to reveal PKCry.
They were rescanned with the confocal microscope, and the
location of the PKCy plexus was used to locate laminar
boundaries.®'

2.7. Synaptic connections between gastrin-releasing
peptide receptor cells

During the course of this study, we noticed frequent contacts
between axons and dendrites of GRPR cells. To investigate this,
we examined sections from 3 GRPR®ER"2 mice that had
received intraspinal injections consisting of a mixture of AAV.-
flex.tdTomato and AAV.flex.tdTomato_syp-eGFP. The sections
were reacted with antibodies against GFP and mCherry (rabbit
antibody). We also looked for contacts between axons belonging
to GRPR cells that had undergone patch-clamp recording and
nearby tdTomato-positive cells that had not been recorded from.

To confirm the presence of synapses between GRPR neurons,
we used a viral vector to deliver peroxidase to these cells and then
performed histochemistry and electron microscopy. Two
GRPRC™ER™2 mice received intraspinal injections of AAV.DIO.-
dAPEX2,%° which contains a Cre-dependent construct coding for
amutated soybean ascorbate peroxidase. After a 28-day survival
period, the mice were reanaesthetised and perfused with a
fixative containing 2.5% glutaraldehyde and 2% formaldehyde.
The injected segments were postfixed for 24 hours and cut into
transverse sections 60 pm thick with a Leica VT1200 microtome.
These were rinsed in phosphate buffer (PB) containing 50 mM
glycine and then placed in diaminobenzidine (DAB, 0.3 mg/mL in
PB) for 10 minutes. Hydrogen peroxide (0.003%) was added and
the sections were incubated for 1 hour in the dark. They were then
rinsed and osmicated (1% osmium tetroxide and 1.5% potassium
ferrocyanide for 1 hour) before being dehydrated in graded
acetone solutions, block stained in uranyl acetate, and flat-
embedded in Durcupan, as described previously.®® Ultrathin
sections (silver interference colour) were cut with an Ultracut S
ultramicrotome, mounted on formvar-coated slot grids, and
viewed with a Philips CM100 electron microscope equipped with
a digital camera.

2.8. Electrophysiology

Electrophysiological recordings from GRPR cells were performed
on spinal cord slices or on isolated spinal cord preparations that
were obtained from 91 GRPR®®F2,A9 mice and 5
GRPRCERT2 mice (age range 5-14 weeks, mean 7.5 weeks),
as described previously.'® The 5 GRPR®"ER"2 mice had received
intraspinal injections of AAV.flex.eGFP into the L3 and L5
segments on one side. After perfusion with ice-cold dissection
solution, the spinal cord was isolated, and for experiments that
involved dorsal root stimulation, the L3 and L4, or L4 and L5,
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dorsal roots were left attached to the cord. To prepare spinal cord
slices, the lumbar region was embedded in low—-melting point
agar (~3%; Thermo Fisher Scientific) and parasagittal (300-
500 pm) or transverse (800-500 pm) slices were cut with a
vibrating blade microtome (Microm HM 650V; Thermo Fisher
Scientific or 7000smz-2; Campden Instruments). Slices were
placed in N-methyl-p-glucamine (NMDG)-based recovery solu-
tion at 32°C for ~15 minutes and then in a modified recording
solution at room temperature for an additional 1 hour before being
transferred to the recording chamber of an upright microscope
where they were continually perfused with recording solution. For
experiments involving isolated spinal cord preparations, a length
of spinal cord containing the lumbar segments, along with much
of the thoracic and sacral regions, was prepared by removing the
pia mater. In some cases, the spinal cord was hemisected by
cutting along the midline using a razor blade. These preparations,
referred to as “whole cord” or “hemisected cord,” were placed
into the recording chamber and pinned to the chamber wall,
which was made from Sylgard. The recording chamber was
placed on the microscope stage, and tissue was continually
perfused with recording solution. The solutions used contained
the following (in mM): Dissection: 3.0 KCI, 1.2 NaH,PO,, 0.5
CaCl,, 7.0 MgCl,, 26.0 NaHCOg3, 15.0 glucose, and 251.6
sucrose; NMDG recovery: 93.0 NMDG, 2.5 KClI, 1.2 NaH,PO,,
0.5 CaCl,, 10.0 MgSQ,4, 30.0 NaHCO3, 25.0 glucose, 5.0 Na
ascorbate, 2.0 thiourea, 3.0 Na pyruvate, and 20.0 HEPES;
modified recording: 92.0 NaCl, 2.5 KCI, 1.2 NaH,PO,, 2.0 CaCl,,
2.0 MgS0O,, 30.0 NaHCOs, 25 glucose, 5.0 Na ascorbate, 2.0
thiourea, 3.0 Na pyruvate, and 20.0 HEPES; recording: 125.8
NaCl, 3.0 KCI, 1.2 NaH,PO4, 2.4 CaCl,, 1.3 MgCl,, 26.0
NaHCQO3, and 15 glucose. All solutions were bubbled with 95%
Oz and 5% COZ

Neurons were visualised using a fixed stage upright micro-
scope (BX51; Olympus, Southend-on-Sea, UK) equipped with a
40X water immersion objective, infrared differential interference
contrast (IR-DiC) illumination, and a CCD camera (QImaging
Retiga Electro; Teledyne Photometrics, Birmingham, United
Kingdom). In the case of whole or hemisected spinal cord
preparations, cells were visualised using oblique IR illumination
from an 860 nm LED (Opto SFH 4550; Osram, Munich,
Germany).®® Fluorescently labelled cells were visualised using a
470 nm or 550 nm LED (pE-100; CoolLED, Andover, United
Kingdom). Targeted whole-cell patch-clamp recordings were
made from tdTomato-positive or GFP-positive cells in the SDH,
using patch pipettes that had a typical resistance of 3 to 7 MQ
when filled with an intracellular solution containing the following (in
mM): 130.0 K gluconate, 10.0 KCI, 2.0 MgCl,, 10.0 HEPES, 0.5
EGTA, 2.0 ATP-Na, 0.5 GTP-Na, and 0.2% Neurobiotin, pH
adjusted to 7.3 with 1.0 M KOH. In some cases, the intracellular
solution contained the following (in mMM); 120.0 Cs methane-
sulphonate, 10.0 Na methanesulphonate, 1.0 CaCl,, 10.0
HEPES, 10.0 EGTA, 2.0 ATP-Mg, 5.0 QX-314-Cl, and 0.2%
Neurobiotin, pH adjusted to 7.3 with 1.0 M CsOH. Data were
recorded and acquired with a Multiclamp 700B amplifier and
pClamp 10 software (both Molecular Devices, Wokingham,
United Kingdom) and were filtered at 4 kHz and digitised at
10 kHz.

After stable whole-cell configuration was achieved, the cells
were voltage clamped at —60 mV, and a series of 100-millisecond
voltage steps from —70 to —50 mV (2.5 mV increments) was
delivered to determine the current-voltage relationship, which
was used to calculate resting membrane potential. Cells with a
resting membrane potential less negative than —30 mV were
excluded from all analysis. Input resistance was calculated from a
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series of five -bmV steps of 1-second duration from a holding
potential of —60 mV.

Action potential firing patterns were assessed in current clamp
mode in response to 1-second depolarising current steps of
increasing amplitude (5 pA increments) from a membrane
potential of around —60 mV. Firing patterns were classified on
the basis of previously published criterig!6:19:20:22:52.85.67 o
follows: tonic firing if they exhibited a continuous action potential
discharge throughout the step, transient if the action potential
discharge occurred only during the early part of the step, delayed
if there was a clear delay between the start of the depolarising
step and the first action potential, single spike if only 1 or 2 action
potentials occurred at the onset of the step, and reluctant if
current injection did not evoke action potential firing. Action
potential properties for each neuron were determined from the
first action potential that occurred at rheobase.

Subthreshold voltage-activated currents were investigated by
holding cells at —60 mV before stepping to —90 mV for 1 second
and then to —40 mV for 200 milliseconds, with automated leak
subtraction to remove capacitive and leak currents.?"%° This
protocol enables identification of 2 types of transient outward
current and 2 types of inward current. The outward currents that
occur during the depolarising step (—90 to —40 mV) are
consistent with A-type potassium currents (I,) and can be
identified as rapid (la,) or slow (las) on the basis of their kinetics.
A transient inward current observed during the depolarising step
is considered to reflect the low-threshold “T-type” calcium
current (Ica 7). A slow inward current during the hyperpolarisation
step (=60 to —90 mV) is classified as the hyperpolarisation-
activated (Iy) current. The amplitude of |5, was measured as the
peak of the transient outward current. The amplitude of the I,
current was measured during the final 200 milliseconds of the
hyperpolarising step, and inward currents were classified as |, if
the amplitude was greater than —5 pA.

Primary afferent input to GRPR cells was assessed by
recording evoked excitatory postsynaptic currents (€EPSCs) in
spinal cord slices or in the whole or hemisected spinal cord
preparation with dorsal roots attached, in response to dorsal root
stimulation, as described previously.>'"®® Cells were voltage
clamped at —70 mV, and the dorsal root stimulated through a
suction electrode connected to an ISO-Flex stimulus isolator
(AMPI, Jerusalem, lIsrael). In many cases, 2 dorsal roots were
attached, either L3 and L4, or L4 and L5, with each being
stimulated independently using a separate suction electrode and
stimulus isolator. To characterise the type of primary afferent
input to cells, the dorsal root was stimulated 3 times at low
frequency (0.05 Hz, 0.1 ms duration), using the following
intensities to activate A, A3, and C fibres: 25 pA for Ag, 100
RA for A3, and 1 mA for C fibres.®' Primary afferent input was
characterised as monosynaptic or polysynaptic by stimulating the
dorsal roots 20 times using the following intensities and
frequencies; AB: 25 pA, 20 Hz; A3: 100 pA, 2 Hz; and C: 1
mA, 1 Hz. Fibre responses were considered monosynaptic if
there was an absence of response failures and the response
latency varied by =2 ms, whereas C-fibre responses were
classified as monosynaptic if there was an absence of failures,
regardless of whether the response latency was variable.*® The
estimated conduction velocity of monosynaptic responses was
calculated using the response latency, measured as the time
between the stimulus artefact and the onset of the eEPSC, and
the length of the stimulated dorsal root, measured as the distance
between the suction electrode and the dorsal root entry zone.

Excitatory synaptic input to GRPR neurons was assessed by
voltage-clamping cells at =70 mV and recording spontaneous
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EPSCs (sEPSCs) and miniature EPSCs (MEPSCs); the latter in
the presence of tetrodotoxin (TTX) (0.5 wM), bicuculline (10 wM),
and strychnine (5 wM). The functional expression of TRP channels
on the afferents providing synaptic input was investigated by
recording mEPSCs before and during the bath application of the
TRPV1 agonist capsaicin (2 wM) or the TRPM8 agonist WS-12
(1 wM). In the case of WS-12 application, the temperature of the
bath was raised to 32°C using an inline heating system (Scientifica
Ltd, Uckfield, United Kingdom).®" These data were analysed
using Mini Analysis (Synaptosoft). The events were automatically
detected by the software and were then rejected or accepted
after visual examination. Neurons were considered to receive
input from capsaicin-sensitive or WS-12-sensitive afferents if
application of the agonist resulted in a significant leftward shift in
the distribution of interevent intervals, indicating an increase in
frequency, or nonresponsive if this threshold was not reached.

The response of GRPR cells to a number of pharmacological
agents was investigated by voltage-clamping cells at —50 mV
and bath applying one of the following, in the presence of TTX
(0.5 pM), bicuculline (10 wM), and strychnine (5 uwM): 5-HT
(10 wM), norepinephrine (NE) (20 wM), the p-opioid receptor
(MOR) agonist DAMGO (3 pM), the k-opioid (KOR) agonists ICI
199,441 (100 nM) or UB9593 (1 puM), or the d-opioid (DOR)
agonist [D-Ala®]-deltorphin Il (1 pM). Cells were considered
responsive if drug application resulted in a clear slow outward
current that was greater than 5 pA. Responses of GRPR cells to
GRP were similarly assessed by voltage-clamping cells at —50
mV and applying GRP (2 pM), with cells being considered
responsive if GRP application resulted in a clear slow inward
current that was greater than —5 pA. TTX, bicuculline, and
strychnine were not included in the bath during GRP application
to enable the study of synaptic connectivity between GRPR cells,
by comparing sEPSCs recorded before and during the applica-
tion of GRP.

All chemicals were obtained from Sigma, except sucrose,
glucose, NaH,PO, (Thermo Fisher Scientific), NaCl, KCI, HEPES
(VWR, Lutterworth, United Kingdom), TTX, QX-314-Cl (Alomone,
Jerusalem, lsrael), bicuculline, DAMGO, ICI 199,441, WS-12
(Tocris, Abingdon, United Kingdom), GRP (Cambridge Bio-
science, Cambridge, United Kingdom), NE (Abcam, Cambridge,
United Kingdom), and Neurobiotin (Vector Laboratories, Peter-
borough, United Kingdom).

2.9. Phosphorylation of extracellular signal-regulated
kinases after noxious or pruritic stimuli

Phosphorylated ERK (pERK) labelling was examined in 16
GRPRC™ERT2: Ai9 mice that had received a noxious, pruritic, or
control stimulus applied to 1 hind limb under urethane
anaesthesia (50-60 mg, i.p). Three of these mice had the left
hind limb immersed in water at 52°C for 15 seconds (noxious
heat), and 4 mice had 5 different regions on the skin of the left calf
pinched for 5 seconds each (noxious mechanical). These animals
were perfused with fixative 5 minutes later. Three mice received
one of the following intradermal injections into the left calf, which
had been shaved the day before: histamine (100 g in PBS),
chloroquine (100 pg in PBS), or PBS. In all cases, the injection
volume was 10 pL and success of the intradermal injections was
verified by the presence of a small bleb in the skin. These animals
survived for 30 minutes before perfusion fixation because we
have previously shown that intradermal injections of vehicle result
in pERK labelling if mice are allowed to survive for only 5 minutes
after the stimulus, presumably due to the noxious mechanical
stimulus resulting from intradermal injection.® However, if mice
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survive 30 minutes, pERK is seen in pruritogen-injected, but not
vehicle-injected, animals, reflecting prolonged activation by
pruritogens. Some of the animals used for the pERK experiments
had been included in a previous study that investigated
expression of neuropeptide FF in activated neurons.?®

Transverse sections from the somatotopically appropriate seg-
ments of these animals (L3 for pruritogen or vehicle injection, or pinch
and L4 for noxious heat) were reacted with antibodies against pERK
and mCherry (chicken antibody). GRPR cells were initially identified in
confocal scans with the pERK channel hidden. The proportion of
GRPR cells that were pERK-positive was then determined.

2.10. Chemogenetic activation and behavioural testing

Experiments to test the effect of activating GRPR neurons were
performed on 6 GRPRSER™2 mice (3 homozygous female and 3
hemizygous male) that had received intraspinal injections of
AAV flex.nM3Dg-mCherry targeted on the L3, L4, and L5
segments on the right side. All mice used in this part of the study
had undergone handling and acclimatisation to the testing
chambers before the start of testing. Behavioural tests and video
recording of behaviour were performed 2 weeks after the
intraspinal injections and 1 week after tamoxifen treatment, using
a crossover design in which each mouse was injected intraperi-
toneally with 0.2 mg/kg clozapine N-oxide (CNO, the ligand for
hM3Dq) on one day and vehicle on another day (assigned in a
random order). All testing and analyses were performed by the
same experimenter, who was blind to the treatment type.

On test days, mice were placed into the video recording
enclosures (consisting of 10 X 10 X 10-cm plexiglass chambers
surrounded by 45°-angled mirrors) immediately after CNO or
vehicle injection, and behaviour was recorded for 30 minutes
using a Sony FDR-AX33 video camera. This was analysed offline
using the free open-source BORIS event-logging software.'®
Four separate behaviours were logged whenever they occurred
within the relevant dermatomes (L3-5, covering the hind paw,
hind leg, rump, and base of the tail) on the side ipsilateral to spinal
injections: (1) biting of the skin, (2) licking of the hair and/or skin, (3)
lifting and/or guarding of the paw, and (4) rapid shaking of the
foot. Biting, licking, together with lifting and/or guarding were
logged as state events with a defined duration per bout or
episode, whereas paw shaking was logged as a point event.
Because mouse movements can be extremely rapid, all
behaviours were reviewed at 0.2X playback speed. Licking and
biting due to normal grooming behaviour were included in the
analyses if they occurred within the ipsilateral dermatome areas
(as described above) because biting and licking as part of normal
grooming could not be distinguished from those resulting from
chemogenetic activation of the GRPR cells.

After these video recording periods, mice were transferred to the
von Frey or Hargreaves testing apparatus and allowed to
acclimatise for at least 30 minutes before testing began.
Mechanical sensitivity was tested by application of a set of von
Frey filaments with logarithmically increasing stiffness (starting at
0.4 g) to the glabrous skin of the ipsilateral hind paw through mesh
flooring, as described previously.?®>4" The 50% withdrawal
threshold was determined by the up-down method.'? Heat
sensitivity was tested with a Hargreaves apparatus (IITC,
Woodland Hills, CA) consisting of a ~16-mm thick glass plate
warmed to 25°C, through which a radiant heat source (set to 25%
active intensity) was targeted to the glabrous skin of the ipsilateral
hind paw. The time taken to withdraw the paw was measured, and
the average withdrawal latency across 5 trials was determined for
each animal. A cutoff threshold of 25 seconds was used to prevent
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potential tissue damage. All behavioural testing was completed
within 2.5 hours after administration of CNO or vehicle.

Once all behavioural testing was completed, the mice were
fixed by perfusion and the location and extent of the injection sites
were assessed by immunostaining spinal cord sections with
chicken anti-mCherry antibody.

2.11. Antibody characterisation

The mCherry and GFP antibodies were raised against the full-
length recombinant proteins, whereas the teal fluorescent protein
(TFP) and tagRFP antibodies were raised against the corre-
sponding purified proteins. In all cases, their specificity is
demonstrated by the lack of immunostaining in tissue that lacks
the corresponding fluorescent protein. Staining with the pro-
NPFF antibody is completely abolished by preincubation with the
antigen.?® Specificity of the pro-CCK antibody has been
demonstrated by showing that it stains the same cells as those
detected by fluorescence in situ hybridisation with a probe
against Cck mRNA in the mouse cortex and hippocampus.®
Staining with the rat neurotensin is identical to that seen with a
well-characterised rabbit anti-neurotensin antibody and is
blocked by preincubation with neurotensin.®® The PPTB antibody
recognises PPTB, but not PPTA, neurokinin B, or substance P, on
dot blots, and staining is blocked by preincubation with the
immunising peptide.? The PKCr antibody recognises a band of
the appropriate molecular weight on western blots from wild-
type, but not from PKCy ™, mice.®® The antibody against pERK
detects p44 and p42 MAP kinase (Erk1 and Erk2) when these are
phosphorylated either individually or dually at Thr202 and Tyr204
of Erk1 or Thr185 and Tyr187 of Erk2. It does not cross-react with
nonphosphorylated Erk1/2. The Pax2 antibody recognises bands
of the appropriate molecular weight on western blots of mouse
embryonic kidney.!” The guinea pig NeuN antibody stains
identical cells to a well-characterised mouse monoclonal NeuN
antibody.'®

2.12. Statistics

Recorded neurons were classified as responsive to capsaicin, WS-
12, or GRP by comparing the cumulative probability distribution of
mMEPSC or sEPSC interevent intervals with a 2-sample
Kolmogorov—Smimnov test. Changes in EPSC frequency between
sEPSCs and mEPCSs, recorded in the same cell, and between
baseline mEPSCs or sEPSCs and those recorded during capsaicin,
WS-12, or GRP application were compared using Wilcoxon signed-
rank tests. Mann-Whitney U tests were used to investigate
differences between electrophysiological data that were recorded
in female and male tissue. Electrophysiological properties of GRPR
cells were compared with those previously recorded in GRP and SP
cells'® by using Kruskal-Wallis multiple comparison tests, followed
by Dunn multiple comparison tests. Normality of behavioural data
was assessed using the Kolmogorov-Smirmnov test; data that
passed the normality test were analysed using paired t-tests,
whereas nonnormally distributed data were analysed using
Wilcoxon matched-pairs signed-rank tests. Data are expressed
as mean = SD, and P values of less than 0.05 were considered
significant. Statistical tests were performed in Prism version 9
(GraphPad Software, San Diego, CA).

2.13. Data Availability

Data can be accessed from an open repository at the following
link: http://dx.doi.org/10.5525/gla.researchdata.1285.


http://dx.doi.org/10.5525/gla.researchdata.1285
www.painjournalonline.com

156 E. Polgér et al. 164 (2023) 149-170

3. Results

3.1. Characterisation of gastrin-releasing peptide receptor
cells identified in the GRPR™ "2 mouse

In experiments in which AAV.flex.eGFP was injected into the
spinal cord of GRPR®®E"T2;Ai9 mice, both tdTomato and GFP
were present in many neurons in the SDH, and the pattern of GFP
labelling was very similar with both AAV2 and AAV8 serotypes.
The laminar distribution of GFP+ and tdTom+ cells was the
same, with the majority being located in laminae | and llo, as
reported previously*' (Figs. 1A-D). However, we found that the
GFP+ cells consistently outnumbered those with tdTom, and we
therefore quantified this in 3 mice. Using the optical disector
method on 2 sections per animal, we counted a mean of 44
GFP+ cells (range 31-54) within the injection site in each animal
and found that 38.4% (36.2%-41.9%) of these also contained
tdTomato. Conversely, all tdTomato+ cells in this sample were
GFP+. This suggests that recombination efficiency is higher with
intraspinal AAV injection than that in the Ai9 cross. We therefore
quantified the proportion of all neurons in laminae I-Il that were
GFP+ in the L3 or L4 segments of homozygous GRPR"¢ERT2
mice that had received intraspinal injections of AAV.flex.eGFP
into these segments by examining 2 transverse sections from
each of 3 mice. We identified a mean of 400 neurons (range 359-
455, identified by the presence of NeuN) in laminae I-1l in these
animals and found that 10.9% (9.9%-11.9%) of them were
GFP+. In sections from 2 of these mice, we also immunostained
for Pax2, which is expressed in inhibitory interneurons'**° (Figs.
1E-G). We found that none of the 77 GFP+ neurons identified (38
and 39in the 2 mice) were Pax2-immunoreactive, suggesting that
GFP expression was restricted to excitatory neurons. Because
we have previously reported that 74.2% of the neurons in laminae
-1l of the mouse dorsal horn are excitatory, *® we estimate that the
GFP+ cells account for 14.7% of the excitatory neurons in this
region.

To confirm that expression of Cre was restricted to neurons
with Gror mRNA, we performed fluorescence in situ hybridisation
with RNAscope (Figs. 1H-J). We analysed sections from 2
homozygous GRPR®™ERT2 mice and identified 100 (range 100-
101) cells with Gror mBNA in laminae I-Il in each case. Of these
cells 81% also contained mRNA for iCre (at 4 or more transcripts
per cell). In addition, 92 (90-95) (Cre cells were identified and 88%
of these were classed as Grpr positive. When cells defined as
single labelled by this criterion were analysed, it was found that 38
of the 39 “Grpr-only” cells had at least 1 transcript for iCre,
whereas 21 of 23 “iCre-only” cells had at least 1 transcript for
Grpr. The number of individual transcripts for the 2 mRNAs
showed a strong positive correlation (Pearson correlation =
0.869, P < 0.001) (Fig. 1K). These findings show that expression
of Cre in this mouse line reliably recapitulates that of GRPR at the
mRNA level.

Gastrin-releasing peptide receptor—-expressing cells are be-
lieved to be excitatory interneurons,®* and this was recently
confirmed by Sheahan et al.,>* who showed that 98.5% of SDH
neurons with Grpr mRNA were also positive for Slc17a6 mRNA
(VGLUT2 message). We determined the proportion of excitatory
neurons in laminae I-1l that possess Grpr mMRNA in sections from 4
wild-type mice that had been reacted to reveal Grpr and Slc17a6
(VGLUT2) mRNAs (Figs. 1L-N). We identified 266 to 358 (mean
311) cells with Slc17a6 mRNA in these sections. Consistent with
the findings of Sheahan et al., we found that all Grpr-positive cells
(defined by the presence of at least 4 transcripts for Gror mRNA)
were Slc17a6-positive, and that these accounted for 17.2%
(14.0%-20.4%) of the Slc17a6 cells. To exclude the possibility
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that some GRPR-expressing cells were inhibitory, we examined
sections that had been reacted for Grpr and Gad1 mRNAs (Figs.
10-Q). We identified a mean of 45 (range 43-48) Grpr-positive
cells in sections from 3 mice and found that none of them
contained Gad1 mRNA.

Together, these results suggest that cells with Grpr mRNA in
the SDH are all glutamatergic, and that they account for 15% to
17% of the excitatory neurons in this region. Previous studies
have shown that GRPR is not expressed by projection neurons in
the SDH,*"* and so these cells are presumably all excitatory
interneurons.

3.2. Relation of gastrin-releasing peptide receptor cells to
other excitatory interneuron populations

We then tested whether the GRPR cells overlapped with any of
the excitatory interneuron populations that we have previously
identified in the SDH.?* We used immunohistochemistry with
antibodies that can be detected in the cell bodies of 4 of these
populations (those defined by expression of NPFF, CCK, NKB,
and neurotensin) (Figs. 2A-D). Scans were obtained from the full
thickness of 2 to 3 sections each from GRPRC™ERT2 mice that had
received intraspinal injections of AAV.flex.eGFP, and we identified
an average of 162 (98-199) GFP-positive cells per animal with
each antibody combination. We found no overlap between PPTB
(which is present in NKB-expressing cells) and GFP and only
minimal overlap for the other 3 antibodies: 0.2% of GFP cells were
pro-NPFF-immunoreactive ~ or  pro-CCK—-immunoreactive,
whereas 0.3% were neurotensin-immunoreactive. The GRP::
GFP mouse from the GENSAT project reveals a specific
subpopulation of GRP-expressing neurons,” and we tested
whether these overlapped with GRPR cells in the GRPR®"®=T2,;
Ai9;GRP::GFP cross. We identified a mean of 100 tdTom+ cells
in 3 mice and found that none of them were GFP+ (Fig. 2E). The
lack of overlap between GRP-GFP and GRPR cells is consistent
with the findings of Albisetti et al.,” who reported no overlap
between Grp and Grpr mBNAs in dorsal horn neurons.

We used in situ hybridisation with RNAscope to investigate
possible overlap between GRPR and SP populations. This was
performed on the sections reacted with probes for Grpor and Tac1
that had been obtained from 3 wild-type mice (Fig. 2F). Of the
102 (80-121) Grpr+ cells identified, we found that 36% (35%-
38%) were also positive for TacT mRNA. In the converse analysis,
we identified amean of 153 (113-199) Tac 7+ cells per animal and
found that 25% (23%-26%) of these were Grpr+.

These findings indicate that the population of excitatory
interneurons with Grpr mRNA is largely separate from the
populations defined by expression of CCK, NPFF, neurotensin,
NKB, or GFP in the GRP::GFP mouse. However, it shows a
moderate degree of overlap with cells that express SP, with
around one-third of GRPR cells having TacT mRNA.

3.3. Somatodendritic morphology of gastrin-releasing
peptide receptor cells

A recent report identified GRPR cells, revealed in a GRPR::GFP
transgenic line from GENSAT, as having “vertical-type” morphol-
ogy.3* Consistent with this, we noted that the GRPR cells seen
either in the A9 cross or after injection of AAV.flex.eGFP had
prominent ventrally directed dendrites (Fig. 1), which are
characteristic of vertical cells.?>®” We therefore examined the
somatodendritic morphology of these cells by using a viral
Brainbow strategy.’"'® We reconstructed 30 neurons and found
that all of these resembled the vertical cells described in
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Figure 1. Characterisation of Cre-expressing cells in the GRPRS™ER™2 mouse. (A) Intraspinal injection of AAV.flex.eGFP in a GRPRC™®EFT2:Ai9 mouse results in
both GFP and tdTomato expression in cells with Cre. The GFP-expressing cells are more numerous, and virtually, all of these are also tdTomato (tdTom)-positive.
Cells are concentrated in laminae | and llo, although a few cells are present in laminae lli-lll. Note the predominantly ventral orientation of dendrites that originate
from these cells. (B-D) Part of the superficial dorsal horn, corresponding to the box in (A), scanned to reveal GFP, tdTom, and both fluorescent proteins,
respectively, shows that the GFP cells are more numerous. (E-G) Part of a section from a GRPRCER™2 mouse that had received an intraspinal injection of
AAV.flex.eGFP. The section has been stained for GFP and Pax2 and shows lack of Pax2 immunoreactivity in GFP-positive cells. (H,l) Part of the superficial dorsal
horn from a GRPRC™*ERT2 mouse reacted for RNAscope in situ hybridisation with probes for Gror and iCre, respectively. (J) A merged image is shown, together with
nuclear staining. Four cells in this field are labelled with both probes. (K) Correlation between the number of transcripts for the 2 probes within 162 Grpr-positive and
iCre-positive cells obtained from 2 mice. (L-N) and (O-Q) show sections from a wild-type mouse reacted with probes for Grpr and either Sic17a6 (VGLUT2) or
Gad1. In each of the RNAscope-merged images, arrows point to Gror+ cells that are also positive for iCre or Slc17a6, whereas the arrowhead indicates a Grpr cell
that is negative for Gad1. (A-D) and (E-G) are projections of 31 and 4 confocal optical sections, respectively, at 1 um z-separation. (H-J) and (L—Q) are projections
from the full thickness of the cryostat sections. Scale bars (A): 100 wm, (B-D): 20 um, (E-G): 20 pm, (H-J), and (L-Q): 10 um. GRPR, gastrin-releasing peptide
receptor; GFP, green fluorescent protein.

numerous previous studies.?2:2837:39:51.66.67 || of the cells had
dendritic spines, and the mean density was 15.9 = 5.1 spines per
100 wm of dendritic length. The cell bodies of these neurons were
located between 10 and 37 um (mean 25 um) below the dorsal
surface of the white matter. Five of them were less than 20 pum
below this surface and are therefore likely to have been in lamina
,'® whereas the remainder were in lamina llo. Representative
examples are shown in Figures 3A and B. One defining
characteristic of vertical cells is that the extent of their ventral
dendrites is much greater than that of their dorsal dendrites. We
therefore created polar histograms (Figs. 3C and D) for each cell.
These represent the lengths of dendrite that lie within specific
ranges of orientation when the dendritic tree is projected onto the

plane of section. We measured the total lengths of dendrite that
had a dorsal or ventral orientation for each cell and plotted these
values (Fig. 3E). This revealed that the lengths of ventrally directed
dendrites always exceeded those of dorsally directed dendrites.

3.4. Axonal projections of gastrin-releasing peptide
receptor cells

Axons of the GRPR cells could not be easily followed in Brainbow
preparations, and we therefore used alternative approaches to
investigate their distribution. We initially coinjected 2 AAVs that
contained different Cre-dependent cassettes into spinal cords of
GRPRC™ERT2 mice. One of these coded for both tdTomato and a
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Figure 2. Relation of GRPR cells to other neurochemical populations. (A-D)
Sections from GRPRC™®ERT2 mice that had received intraspinal injections of
AAV.flex.eGFP. In each case, sections have been immunoreacted to reveal
GFP (green), together with different peptides or propeptides (magenta): pro-
NPFF, pro-CCK, preprotachykinin B (PPTB), and neurotensin (NTS). In (D), the
section was also immunostained for PKCy (grey), which outlines most
neurotensin-containing cell bodies. In each case, there is no overlap between
the GFP cells (one of which is indicated with an arrowhead) and cells
expressing the (pro)peptides (one of which is marked with an arrow). (E) Part of
a section from a GRPR™®5R2;Aj9: GRP::GFP mouse stained to reveal GRP
(green) and tdTomato (magenta). Several GRPR cells (one of which is marked
with an arrowhead) and a single GRP-GFP cell (arrow) are visible. (F)
RNAscope in situ hybridisation on a section from a wild-type mouse reacted to
reveal MRNAs for Grpr (magenta) and Tac7 (green). Cells are revealed with
NucBlue. The arrowhead and arrow indicate cells with only Grpr or Tac1
MRNAs, respectively, whereas the double arrowhead shows a cell with both
types of mMRNA. (A and D) are single confocal optical sections, whereas (B, C,
and E) are projections of 5, 6, and 7 confocal optical sections, respectively, at
1 wm z-separation. (F) is a projection from the full thickness of the cryostat
section. Scale bars (A-E): 10 pm and (F): 10 wum. GRPR, gastrin-releasing
peptide receptor; GFP, green fluorescent protein.

PAIN®

synaptophysin-GFP fusion protein (AAV.flex.tdTom_syp-eGFP),
and the other encoded tdTomato (AAV.flex.tdTom) (Fig. 4). This
combination was used because the first AAV generated relatively
weak tdTomato expression. In transverse sections from this
tissue, we observed a large number of GFP-labelled axonal
boutons. These were particularly numerous in laminae |-l but
were also seen in the lateral spinal nucleus and in deeper regions,
particularly in the lateral part of lamina V and the adjacent white
matter. Within the SDH, it was often possible to recognise 2
distinct bands of axonal labelling: one in lamina | and the
outermost part of lamina Il and one near the border between
laminae Il and lll (arrowheads in Fig. 4A). Surprisingly, we found
that many of the GFP-labelled axonal boutons were in contact
with tdTom-labelled ventral dendrites of GRPR cells (Figs. 4C-E).

We also reconstructed the axons of 13 Neurobiotin-filled
GRPR cells that had undergone whole-cell recording (from 5
different animals), and examples are shown in Figure 5. Axons
arose from either proximal portions of primary dendrites or cell
bodies. The mean total length of axon that was reconstructed
was 2162 pm = 990 um, with a range of 655 to 4411 wm. The
axons generally remained in lamina Il with an average of 50% of
the reconstructed length in lamina llo and 35% in lamina Ili. Some
axons (11%) were present in lamina | or lamina Il (4%). Because
we had observed that axonal boutons of GRPR cells frequently
contacted GRPR cell dendrites, we looked for contacts between
the axons of Neurobiotin-filled patched cells and dendrites
belonging to neighbouring tdTom-labelled cells that had not
been patched. Many such contacts were evident, and examples
are shown in Fig 5B.

Together, these findings suggest that axons of GRPR cells
frequently synapse onto other GRPR cells. To confirm this, we
used a recently developed viral strategy that depends on
recombinase expression®® to deliver peroxidase to the GRPR
cells. After a DAB reaction to reveal the peroxidase, we found
numerous DAB-labelled profiles with the expected distribution in
the SDH of the injected segments. These included cell bodies,
dendrites, and axonal terminals, and the latter could readily be
distinguished by the presence of densely packed synaptic
vesicles. We found many examples of DAB-labelled axons
forming asymmetrical synapses onto DAB-labelled dendrites
(Fig. 6), confirming the prediction that the GRPR cells receive
numerous synapses from other GRPR cells.

3.5. Electrophysiological properties of gastrin-releasing
peptide receptor cells

With a few exceptions, described below, no sex differences were
observed between cells recorded in female and male mice, and
therefore, data have been pooled from cells recorded in both
Sexes.

Gastrin-releasing peptide receptor cells generally exhibited
delayed (57/117, 48.7%) or single-spike (47/117, 40.2%)
firing patterns in response to depolarising current steps. A
small proportion of cells displayed transient (5/117, 4.3%),
reluctant (5/117, 4.3%), or tonic (3/117, 2.6%) firing patterns
(Figs. 7A and B). We noted that delayed firing was more
commonly seen in cells recorded from female mice (48/89,
54%) than in those from male mice (9/28, 32%), although this
difference was not statistically significant (Fisher exact
probability test P = 0.053).

Membrane properties of the GRPR cells are provided in Table
S1 (available as supplemental digital content at http://links.lww.
com/PAIN/B638), and mean values are described in the following
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Figure 3. Somatodendritic morphology of GRPR cells as shown with the AAV Brainbow technique. (A) Part of a sagittal section from a GRPRC7"2 mouse injected
intraspinally with the Brainbow AAVs. The section has been scanned to reveal tagBFP (blue), TFP (green), and mCherry (red). Processes from numerous cells, each
with a different colour, are visible in the section. Two cells that were reconstructed and included in the analysis are marked. (B) Neurolucida reconstructions of the 2
cells. Positions of dendritic spines are shown on these drawings, although the sizes of the corresponding symbols do not represent the actual sizes of spine heads.
(C, D) Polar histograms for the 2 cells. The dorsally directed dendrites are shown in red and the ventrally directed dendrites in blue. (E) A plot of the ratio of ventral to
dorsal dendritic lengths obtained from polar histograms from the 30 GRPR cells analysed in this study. The blue line shows the mean ratio for these cells, whereas
the black dashed line corresponds to aratio of 1. The image in (A) was generated from 109 confocal optical sections at 0.5 wm z-separation. Scale bar A = 50 pm.
GRPR, gastrin-releasing peptide receptor; GFP, green fluorescent protein.
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Syp-GFP tdTom

Figure 4. Axons of GRPR cells seen with AAVs coding for synaptophysin-GFP
and tdTomato. (A, B) Immunostaining for GFP (A) and for both GFP and
tdTomato (tdTom) (B) in a transverse section through the lumbar spinal cord
from a GRPR®ER"2 mouse that had received injections of AAVs coding for
Cre-dependent constructs expressing tdTomato and synaptophysin-GFP
(Syp-GFP). GFP (green) is targeted to the axon terminals of GRPR cells, and
these are present throughout laminae | and II, with relatively high concentra-
tions in 2 bands (arrowheads): one corresponding to lamina | and the other the
lamina II/1ll border. Axonal boutons are also present in the lateral spinal nucleus
(LSN) and scattered through the deeper laminae of the dorsal horn and the
lateral white matter. (C-E) A higher-magnification view of an area around the
lamina II/Ill border, corresponding to the box in (B). Many of the GFP-labelled
axonal boutons (some indicated with arrowheads) form contacts on the
tdTom-labelled (magenta) dendrites of the GRPR cells. (A and B) and (C-E) are
projections of 31 optical sections at 1 wm z-separation and 29 optical sections
at 0.3 wm, respectively. Scale bars A and B = 100 pm and C-E = 10 pm.
GRPR, gastrin-releasing peptide receptor; GFP, green fluorescent protein.

section. The resting membrane potential of the GRPR cells was
—58.9 mV, their input resistance was 767.2 M), and their
capacitance was 9.88 pF. The rheobase current was 68.7 pA,
with the following parameters measured from the first action
potential at rheobase: the voltage threshold for evoking action
potential firing (defined as the point where the rate of voltage rise
exceeded 10 mV/ms) was —30.0 mV, the latency from the start of
the depolarising step to the first action potential was 349.5 ms,
base width was 1.4 ms, action potential height (measured as the
difference between the voltage threshold and the action potential

Figure 5. Axons of GRPR cells seen from reconstructions of patched neurons.
(A, C, D) Typical examples of GRPR neurons reconstructed with Neurolucida
after whole-cell recordings from tdTomato-positive cells in slices from
GRPRC™ERT2: A9 mice. Cell bodies and dendrites are shown in blue, and
axons are in red. Note that dendritic spines have not been included in these
drawings. The solid line shows the dorsal border of the grey matter, and the
dashed lines show the approximate positions of the borders between laminae
I, llo, lli, and lll. Arrowheads indicate the origin of the axon from the soma (A) or
a proximal dendrite (C, D). (B) Contacts formed by the axon of the cell illustrated
in (A) (labelled with Neurobiotin, green) onto dendrites of other nearby
tdTomato (tdTom, magenta) cells that were not patched are shown. Images in
the top, middle, and bottom rows of (B) are projections of 7, 11, and 8 confocal
scans at 0.3 wm z-separation, respectively. Scale bars A, C, and D = 100 um
and B = 5 um. GRPR, gastrin-releasing peptide receptor.

peak) was 45.2 mV, and after-hyperpolarisation was —25.9 mV.
Two of these measures showed significant differences between
female and male mice: latency to first action potential (female
407.2 = 389.7 vs male 165.7 = 273.0 ms, P = 0.024,

o i "“""’.\ g i . ~ SCRY P o
Figure 6. Electron microscopy of synapses between GRPR cells. Electron
micrographs showing parts of lamina Il from a GRPR®®E"™2 mouse that had
received a spinal injection of AAV.DIO.dAPEX2, resulting in cytoplasmic
peroxidase expression, which is revealed with diaminobenzidine. (A) Part of a
peroxidase-labelled dorsoventrally directed dendritic shaft D can be seen,
together with a labelled axonal bouton A. An asymmetrical synapse is visible
between them (arrow), and this is more clearly seen at higher magnification in
(B). (C) A peroxidase-labelled dendrite shaft (cut in cross-section) receives an
asymmetrical synapse (arrow) from a peroxidase-labelled axonal bouton (A)
and a symmetrical synapse (arrowhead) from an unlabelled axonal bouton (Ay).
Scalebars A =1 pmand B and C = 0.5 pm. GRPR, gastrin-releasing peptide
receptor.
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Figure 7. Action potential firing patterns and subthreshold voltage-activated currents in GRPR cells. (A) Examples of action potential firing patterns observed in GRPR cellsin
response to 1-second suprathreshold current injections. (B) Most GRPR cells exhibited delayed (57/117; 48.7%) or single-spike (47/117; 40.2% firing patterns, with smaller
proportions displaying transient (5/117; 4.3%), reluctant (5/117; 4.3%), or tonic (3/117; 2.6%) firing patterns. (C) Representative traces showing subthreshold voltage-
activated currents in GRPR cells that were revealed using a voltage-step protocol that hyperpolarised cells from —60 to —90 mV for 1 second and then to —40 mV for 200
milliseconds (bottom trace). The responses to this protocol were classified as rapid (Ia,) or slow (Ias) A-type potassium currents, hyperpolarisation-activated currents (I,), or
low-threshold calcium currents (I, 7). Examples of |a, without (top trace) and with I, (upper-middle trace) show an average of 5 traces. The example of |, (dashed outline) is
shown at a different y-axis scale (lower-middle trace). (D) Aimost all GRPR cells exhibited |, (77/81; 95.1%) and many had |, (23/81; 28.4%), which was almost exclusively
seeninaddition to la (22/81; 27.2%). Few cells exhibited Ias (3/81; 3.7%) or lca 1 (1/81; 1.2%). The peak amplitude of |5 (E) was 289.8 = 154.7 pA, and the amplitude of I, (F),
measured during the final 200 ms of the hyperpolarisation step, was —11.9 = 7.5 pA. GRPR, gastrin-releasing peptide receptor.
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Mann-Whitney) and action potential width (female 1.47 = 0.37 vs
male 1.30 = 0.28 ms. P = 0.014, Mann-Whitney). The difference
in latency presumably reflects the higher incidence of delayed
firing neurons that were seen in tissue from females.

Almost all GRPR cells tested (77/81, 95.1%) displayed a rapid
Ia current (l5), and many showed a hyperpolarisation-activated
current (In) (23/81, 28.4%), which in all but one cell was seen in
conjunction with |, (Figs. 7C and D, Table S1, available as
supplemental digital content at http://links.lww.com/PAIN/
B638). The peak amplitude of |5, was 289.7 pA (Fig. 7E), whereas
I, amplitude was —11.9 pA (Fig. 7F). Few cells exhibited slow o
currents (lag) (3/81, 3.7%) or low-threshold Ca currents (lca 1) (1/
81, 1.2%).

Comparison with our previous findings'® revealed that the
GRPR cells had a significantly higher capacitance, lower input
resistance, more negative resting potential, higher rheobase, and
more negative action potential threshold than cells that
expressed GFP in the GRP::GFP line, (Table S1, Fig. S1, available
as supplemental digital content at http://links.lww.com/PAIN/
B638). These results match the findings of Pagani et al.,** who
also compared these populations, and together indicate that the
GRPR cells are larger and less excitable than the GRP-GFP cells.
The GRPR cells also had a significantly lower action potential
width and height, and a smaller after-hyperpolarisation, than the
GRP-GFP cells. The values for the GRPR cells only differed
significantly from those of SP-expressing cells only in having a
higher capacitance and a more hyperpolarised resting membrane
potential, together with a lower action potential latency and width.
The greater similarity between these 2 populations presumably
reflects, at least in part, the overlap in expression between GRPR
and Tac1. For subthreshold currents, the GRPR cells resembled
SP cells in having a high proportion with | ., and they also showed
a significantly smaller I, amplitude than the GRP-GFP cells (Table
S1, Fig. S1, available as supplemental digital content at http://
links.lww.com/PAIN/B638).

3.6. Primary afferent input to gastrin-releasing peptide
receptor cells

Dorsal root stimulation was used to investigate primary afferent
inputto GRPR cellsin spinal cord slices and in whole or hemisected
spinal cords with attached dorsal roots. Electrical stimulation of
dorsal roots resulted in eEPSCs in 40 of the 48 cells (83.3%) tested
(representative traces shown in Figs. 8A and B). The 8 cells
without eEPSCs were mostly recorded in spinal cord slice
preparations (4 transverse slices and 1 parasagittal slice) and
may have received input from axons that were severed during
tissue slicing. These cells, along with 3 cells recorded in the whole-
cord preparation that exhibited no eEPSCs, may also have
received input from dorsal roots that were not stimulated. Of those
cells that responded to dorsal root stimulation, most received input
that was classified as polysynaptic (30/40, 75.0%). This was mostly
polysynaptic C-fibre input but also included polysynaptic AR and
polysynaptic A8 input (Fig. 8C). The remaining cells (10/40, 25%)
received monosynaptic C-fibre input, which was observed in the
absence of other currents or with additional polysynaptic input(s).
The estimated conduction velocity of the monosynaptic C-fibre
input was 0.11 = 0.02 m/second (n = 7), and the peak eEPSC
amplitude was —157.2 = 92.7 pA (n = 6). In those preparations
where 2 dorsal roots were stimulated, 9 cells received input from
both dorsal roots. This input was a mixture of monosynaptic C
input (Fig. 8D) and/or polysynaptic input. In 1 cell, 2 clear
monosynaptic C-fibre components could be observed during
stimulation of a single dorsal root (Fig. 8E).

PAIN®

3.7. Excitatory input to gastrin-releasing peptide
receptor cells

Excitatory synaptic input to GRPR cells was assessed by
recording sEPSCs and mEPSCs at a holding current of —70 mV
(Fig. 9A). The EPSC frequency was 4.34 + 5.26 (n = 189) and
1.02 = 1.34 Hz (n = 42) for sEPSCs and mEPSCs, respectively
(Figs. 9B and C). For 39 cells, we were able to compare SEPSCs
and mEPSCs in the same cell. The sEPSC frequency in these
cells was 4.20 = 4.36 Hz, which was greater than the mEPSC
frequency (1.06 = 1.39 Hz), and this difference was highly
significant (P < 0.0001, Wilcoxon signed-rank test, Fig. 9D).
This finding suggests that GRPR cells receive excitatory
synaptic input from neurons that were spontaneously firing
action potentials in the slice. The GRPR cells had a higher
sEPSC and mEPSC frequency than GRP-GFP cells but a lower
mEPSC frequency than SP cells (Fig. S1, Table S1, available as
supplemental digital content at http://links.lww.com/PAIN/
B638).

Capsaicin caused a leftward shift in the distribution of MEPSC
intereventintervals in 7 of 10 cells tested (Fig. 9Ei, Eii), resulting in
an increase in frequency from 1.01 = 0.91 t0 3.04 = 2.36 Hz in
those capsaicin-sensitive cells (P = 0.016, Wilcoxon signed-rank
test, Fig. 9Eiii). The TRPM8 agonist, WS-12, produced a leftward
shift in the distribution of MEPSC interevent intervals in 2 of 6 cells
(Fig. 9Fi, Fii), increasing mEPSC frequency in those cells from
0.58 £ 0.08 to 1.00 = 0.11 Hz (Fig. 9Fiii). Because TRPV1 and
TRPMB8 channel expressions in the dorsal horn are believed to be
restricted to primary afferents, these findings indicate that GRPR
cells receive direct monosynaptic input from TRPV1-expressing
primary afferents and to a lesser degree from TRPM8-expressing
afferents.

3.8. Responses of gastrin-releasing peptide receptor cells
to neuromodulators

To investigate the effect of neuromodulators (opioids, NE, and 5-
HT), various agonists were bath-applied to spinal cord slices
(Figs. 10A and B). Only 1 GRPR cell (1/6, 16.7%) displayed an
outward current in response to the MOR agonist DAMGO (3 uM),
and the amplitude of which was 24.3 pA. None of the 6 cells
tested responded to the DOR agonist [D-Ala]-deltorphin II.
Application of KOR agonists resulted in an outward current in 3 of
15 cells tested (2/8 for ICI 199,441, 6.1 and 13.95 pA, and 1/7 for
UB9593, 6.3 pA), consistent with coexpression of Grpr and Oprk1
in some cells*? and the proposed role of dynorphin acting on
KORs to suppress itch?®33, Application of NE caused an outward
current (14.8 = 11.8 pA) in half of the cells tested (4/8, 50%). Only
1 cell (1/8, 12.5%) responded to 5-HT, which resulted in an
outward current of 13.2 pA.

In addition to responses to opioids and monoamines, we also
tested the responses of GRPR cells to GRP. Bath application of
GRP caused an inward current (—15.5 = 11.7 pA) in around a
third of the cells tested (4/13, 30.8%) (Figs. 10C and D). GRP also
increased sEPSC frequency, defined as a leftward shift in the
distribution of interevent intervals, in almost half of cells tested (5/
11, 45.5%). This included 2 cells that displayed a GRP-induced
inward current and 3 that did not (Figs. 10E and F). In those cells
that exhibited a change, GRP increased sEPSC frequency from
2.15 = 3.04t05.96 = 5.85 Hz. This phenomenoniis likely to result
from GRP causing increased action potential firing in other GRPR
cells that were presynaptic to the recorded neuron, consistent
with our anatomical finding that GRPR cells receive excitatory
synaptic input from other GRPR cells.
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Figure 8. Primary afferent input to GRPR cells. (A, B) Examples of primary afferent input to GRPR cells classified as polysynaptic AR or monosynaptic C with
polysynaptic Ad in response to dorsal root stimulation are shown in (A) and (B), respectively. Left panels show evoked EPSCs in response to stimulation at low
frequency (0.05 Hz) at intensities to activate AB (25 pA), Ad (100 pA), and C (1 mA) fibres, each is an average of 3 traces. Right panels show eEPSCs resulting from
high-frequency dorsal root stimulation (25 pA, 20 Hz; 100 pA, 2 Hz; and 1 mA, 1 Hz), each displays 20 superimposed traces. (C) A quarter of cells received
monosynaptic C-fibre input (10/40; 25.0%, left chart), whereas the remainder received input that was classified as polysynaptic (30/40; 75.0%). In those cells that
received monosynaptic C-fibre input (middle chart), this was mostly without additional input (3/10; 30.0%) or with input classified as polysynaptic Ad (“pAd”) (3/10;
30.0%) or polysynaptic AB (“PAB”) (2/10; 20.0%). The remaining cells with monosynaptic C input additionally had polysynaptic AS with polysynaptic C (“pC”) (1/10;
10%) or polysynaptic input from AB, A8, and C fibres (1/10; 10%). In cells that only received input that was classified as polysynaptic (right chart), most of this input
was from C fibres, either alone (16/30; 53.3%) or in addition to A3 (6/30; 20.0%) or AR and A (3/30; 10.0%) fibre input. Cells also received polysynaptic input that
was classified as AB (1/30; 3.3%), Ad (1/30; 3.3%), or AR and A3 (3/30; 10.0%). Some cells were found to receive input from 2 separate dorsal roots (9/40; 22.5%).
An example of a cell that received monosynaptic C-fibre input from both L3 and L4 dorsal roots is shown in (D). (E) In 1 cell, 2 separate monosynaptic C-fibre
components could be identified after stimulation of a single (L5) dorsal root. In (D and E) 20 individual traces are shown in grey, with the average in black. eEPSCs,
evoked excitatory postsynaptic currents; GRPR, gastrin-releasing peptide receptor.
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Figure 9. Excitatory synaptic input to GRPR cells. (A) Example traces of spontaneous (top) and miniature (bottom) EPSCs recorded in the same GRPR cell. The
frequency of SEPSCs was 4.3 = 5.3 Hz, n = 189 (B), and the frequency of MEPSCs was 1.0 = 1.3 Hz, n = 42 (C). (D) In those cells where both sEPSCs and
mEPSCs were recorded, the frequency of sEPSCs was significantly greater, 4.2 = 4.4vs 1.1 £ 1.4 Hz, n = 39, P < 0.0001, Wilcoxon signed-rank test. (E, F) The
functional expression of TRP channels on primary afferent input to GRPR cells was assessed by recording mEPSCs in response to the application of agonists for
TRPV1 (capsaicin; E) or TRPM8 (WS-12; F). Representative traces of mEPSCs recorded before (baseline; top) and during application of the TRP channel agonists
(bottom) are shown in (Ei, Fi). Cumulative probability plots demonstrate a significant leftward shift in the distribution of MEPSC interevent intervals in response to the
application of capsaicin (P < 0.00001, Kolmogorov—Smirnov 2-sample test; Eii) or WS-12 (P = 0.0003, Kolmogorov-Smirnov 2-sample test; Fii). A significant
leftward shift in interevent intervals, signifying an increase in mEPSC frequency, was observed in 7 of 10 cells treated with capsaicin and 2 of 8 treated with WS-12.
These agonists increased mEPSC frequency in those cells that responded as follows: capsaicin, 1.0 = 0.9 Hzt0 3.0 = 2.4 Hz (Eii) and WS-12,0.5 = 0.1 Hzt0 1.0
=+ 0.1 Hz (Fiii). Coloured lines in graphs represent cells that responded to the agonists, and grey lines represent cells that did not. EPSCs, excitatory postsynaptic
currents; GRPR, gastrin-releasing peptide receptor.

3.9. Responses of gastrin-releasing peptide receptor cellsto  with the much larger region of the hind limb that was stimulated.
noxious and pruritic stimuli Quantitative analysis was performed on tissue from the mice that
had received noxious or pruritic stimuli by scanning the full
thickness of 12 to 21 sections per animal. Examples of pERK and
tdTomato staining are shown in Figure 11, and the result of the
colocalisation analysis is provided in Table 4. For each of the
noxious and pruritic stimuli, a very high proportion of the
tdTomato cells within the activated region were pERK-positive.
The proportions of tdTomato cells with pERK were 88% for pinch,
90% for heat, 89% for histamine, and 95% for chloroquine.

The distribution of pERK-positive cells seen after noxious or
pruritic stimulation was similar to that reported in previous
studies.®®2% In mice that had received intradermal injections
of chloroquine or histamine 30 minutes before perfusion fixation,
a cluster of pERK-positive cells was seen in laminae | and Il of the
.3 segment. These occupied a narrow mediolateral band in the
middle part of the dorsal horn, which corresponds to the
somatotopic representation of the injection site. As reported
previously, few, if any, pERK-positive cells were seen in the
animals injected with PBS that survived for 30 minutes.® The
pinch stimuli resulted in pERK-positive cells in the region of the
SDH that receives input from the calf, whereas the distribution of  Injection of AAV.flex.nM3Dg-mCherry into the L3 to L5 dorsal horn
PERK cells was broader for the noxious heat stimulus, consistent  of GRPR®™ "2 mjce resulted in a similar distribution of labelled

3.10. Chemogenetic activation of gastrin-releasing peptide
receptor cells
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Figure 10. Responses of GRPR cells to neuromodulators and GRP. (A) Example traces demonstrate responses of GRPR cells to agonists for MOR (DAMGO), KOR
(IC1199,441), DOR (deltorphin), norepinephrinee (NE), and 5-HT. (B) These various agonists caused an outward current in GRPR cells as follows: DAMGO 1 of 6,
UB9593 1 of 7, 1C1 199,441 2 of 8, NE 4 of 8, and 5-HT 1 of 8. Deltorphin did not cause a response in any of the 6 cells tested. (C) Responses of GRPR cells to the
agonist, GRP, were also tested. Application of GRP resulted in an inward current (example in C) in 4 of 13 cells (D). GRP also resulted in an increase in SEPSC
frequency in 5 of 11 cells, which included 2 cells that displayed an inward current in response to GRP and 3 that did not. In those cells that responded, GRP
increased sEPSC frequency from 2.2 = 3.0 Hz to 6.0 = 5.9 Hz (F). The example sEPSC traces shown in (E) are taken from the recording illustrated in (C). In (F),
green lines represent cells that responded to GRP and grey lines represent cells that did not. GRPR, gastrin-releasing peptide receptor; GFP, green fluorescent

protein.

cells to that seen after injection of either AAV.flex.eGFP or
AAV flex.tdTomato into this mouse line. mCherry-positive cells
were largely restricted to the SDH and were present in the L3, L4,
and L5 segments (Fig. 12A). The results of behavioural tests are
given in Table 5 and shown Figures 12B-F and Figure S2
(available as supplemental digital content at http://links.lww.com/
PAIN/B638). After injection with vehicle, mice displayed a low level
of biting and licking of the hind limb, rump, and base of tail, both
ipsilateral to the intraspinal injection (Figs. 12B-C) and on the
contralateral side (data not shown). However, this did not differ
significantly between the 2 sides and presumably reflects normal

grooming behaviour. Consistent with a role for GRPR cells in itch,
injection of 0.2 mg/kg CNO resulted in a greater than 10-fold
increase in biting (both total duration and number of bouts) of the
affected area in a 30-minute observation period (Table 5,
Fig. 12B). However, we also noticed an increase in behaviours
that are believed to be associated with pain. Licking of the affected
area increased by >4-fold in total duration and by >6-fold in
number of bouts after CNO (Table 5, Fig. 12C). After vehicle
treatment, lifting and/or guarding or shaking of the paw was
extremely rare events (<1 episode or occurrence in 30 minutes,
with total duration of liting and/or guarding < 1 second). However,

Gastrin-releasing peptide receptor (GRPR) cells that were phosphorylated ERK (pERK)-positive after noxious or pruritic stimuli.

Stimulus tdTom™ neurons tdTom* and pERK* % tdTom neurons pERK*
Pinch 40 (34-46) 33 (30-35) 87.7% (69.6%-92.0%)
Noxious heat 90 (71-118) 81 (27-39) 89.6% (87.3%-92.7%)
Histamine 87 (64-111) 78 (63-103) 89.0% (85.6%-95.4%)
Chioroguine 80 (60-106) 76 (59-99) 95.3% (93.4%-96.7%)

Column 2 to 4 show the number of TdTomato+ (tdTom+) GRPR cells identified within the zone that contained pERK-positive cells, the number of TdTom+ and pERK double-labelled cells, and the proportion of TdTom+ cells

with pERK, respectively. In each case, the mean is shown with the range in brackets.
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Figure 11. Phosphorylation of extracellular signal-regulated kinases (ERKs) in
GRPR cells. Each row shows staining for tdTomato (tdTom, magenta) and
phospho-ERK (pERK, green) in a section from a GRPRC™ERT2: Aig mouse that
had received intradermal injection of a pruritogen (either chloroquine [CQ] or
histamine [Hist]) into the calf, or a noxious mechanical (pinch) or thermal (heat)
stimulus. In each case, there are numerous pERK+ cells, while between 2 and
4 GRPR cells (labelled with tdTom) are visible. For chloroquine, histamine, and
pinch, all of the tdTom+ cells are pERK+, and in each case, 2 are indicated
with arrows. For the heat stimulus, 3 of the GRPR cells are pERK+ (2 shown
with arrows), whereas 1 of the GRPR cells lacks pERK (arrowhead). Images are
projections of 5 (CQ), 4 (Hist), 3 (pinch), and 4 (heat) optical sections with z-
separations of 1 um. Scale bar (for all parts) = 20 wm. GRPR, gastrin-releasing
peptide receptor.

these occurred relatively frequently after CNO administration, with
amean of 37 lifting and/or guarding episodes (46-second duration)
and 27 paw shakes in 30 minutes (Table 5, Fig. 12D).

A marked reduction in the mechanical withdrawal threshold
was also observed after CNO injection, compared with vehicle
(Fig. 12E; vehicle vs CNO = 0.98 = 0.36 g vs 0.37 = 0.20 g,
mean = S.D, P = 0.0138, paired t test), but no significant
difference was seen in the withdrawal latency to radiant heat
(Fig. 12F; vehicle vs CNO = 8.3 = 1.7 seconds vs 8.9 = 3.3
seconds, P = 0.6762, paired t test).

We have also looked for possible off-target effects by injecting
CNO (5 mg/kg i.p.) into 8 wild-type mice that lacked DREADD
receptors. This had no effect on von Frey or Hargreaves tests, and
the animals showed no alteration in biting or licking behaviour
(KAB, unpublished data). This strongly suggests that the effects
we saw were mediated by CNO acting on hM3Dq expressed by
the GRPR neurons.

4. Discussion

The main findings of this study are that (1) Cre-positive cells in the
GRPRC™ER™2 mouse account for ~15% of excitatory neurons in
the SDH and show little overlap with 5 of the 6 neurochemical
populations that we previously identified in this region, (2) they can
be classified morphologically as vertical cells, (3) their post-
synaptic targets include other GRPR cells, (4) they respond to
pruritic and noxious stimuli, and (5) activating them results in
behaviours suggestive of both itch and pain.
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4.1. Gastrin-releasing peptide receptor-expressing dorsal
horn neurons

Previous studies of dorsal horn GRPR cells have used various
genetically modified mouse lines. Aresh et al.? generated a BAC
transgenic GRPR::Cre line, crossed this with the Ai14 reporter,
and found that 60% of tdTomato-positive cells in the SDH
responded to GRP. However, although in situ hybridisation
studies have shown that GRPR-expressing cells are concen-
trated in laminae I-llo,® most tdTomato cells in this cross were in
laminae II-IV. This discrepancy may reflect ectopic expression of
Cre or transient GRPR expression captured by the reporter.
Several studies have used a BAC transgenic line (GRPR:
GFP),53*4* in which GFP-labelled cells are concentrated in
laminae I-llo, matching the distribution of Gror mRNA. However,
although Grpr message is restricted to excitatory neurons,®
~20% of GFP cells in the GRPR::GFP line are inhibitory.>*4* The
proportions of GFP cells found to respond to application of GRP
varied from ~70%° to 100%,%* although Pagani et al.** reported
that while all excitatory GFP cells responded, none of the
inhibitory ones did. Two recent studies used a mouse in which
iCre was knocked into the GRPR locus, %2 and the distribution
of labelled cells seen after intraspinal injection of AAV coding for
Cre-dependent yellow fluorescent protein was similar to that seen
in this study.

Our in situ hybridisation findings confirm excellent correspon-
dence between iCre and Gror mRNAs in the GRPRC™ERT2 mouse
line,*" and it is therefore surprising that only ~one-third of these
cells responded to GRP. It is possible that some cells lack
appropriate second messenger pathways or that these were
disrupted by patching the cell. However, an alternative explana-
tion is that in many cells the level of GRPR protein in the
membrane was too low to result in a detectable response to GRP.
This may be less of an issue with the GRPR::GFP line because
cells with strong GFP labelling are likely to be selected for
patching, and these may have relatively high levels of the
receptor. In the GRPR®™ER'2 |ing, Cre acts as a switch by
deleting a STOP cassette or inverting an antisense sequence, and
the expression level for the resulting transgene is unlikely to match
that of GRPR itself.

Although some neurons captured in the GRPR®"® "2 mouse
may not express functional levels of the receptor, our findings that
these cells are largely restricted to the SDH, that they are
morphologically homogeneous, and that they show little overlap
with the neurotensin, CCK, NKB, NPFF, or GRP-GFP neurons
suggest that they represent a distinct population. The overlap
with Tac1 cells is likely to reflect the broader expression of Tac
mRNA because this is found not only in a population of radial cells
in lamina 1" but also in some inhibitory interneurons®*2” and in
many lamina | projection cells.®®*” Consistent with this sugges-
tion, we have found that some Tac1-expressing cells, identified
with the viral Brainbow approach, show vertical morphology (MG-
M, EP, and AJT, unpublished observations).

4.2. Gastrin-releasing peptide receptor expression by
vertical cells

Grudt and Per?® used the term “vertical cells” to describe a
population of lamina Il neurons. However, we found that GRPR
cells in both laminae | and llo invariably had prominent ventral
dendrites, resembling vertical cells described in other studies. We
have therefore extended this term to cover lamina | neurons with
similar morphology. Our finding that the GRPR neurons corre-
spond to vertical cells is consistent with that of Koga et al.,** who
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Behavioural results from chemogenetic experiments.
Vehicle CNO P Statistical test
Behaviour
Biting Total duration (s) 144 £149 183.1 £ 89.6 0.0313 Wilcoxon
Number of bouts 10.8 = 6.6 130.3 £ 72.6 0.0313 Wilcoxon
Licking Total duration (s) 56.2 = 17.1 2492 = 66.4 0.0008 Paired t
Number of bouts 19.7 = 8.2 120.8 = 34.4 0.0313 Wilcoxon
Lifting and/or guarding Total duration (s) 0304 46.3 = 22.6 0.0313 Wilcoxon
Number of episodes 0305 372 =184 0.0313 Wilcoxon
Paw shaking Number of occurrences 08 1.0 26.8 +17.8 0.0177 Paired t

Values are expressed as mean =+ SD.

reported that 65% of patched cells in the GRPR:GFP line
belonged to this class. The lower proportion seen in their study
probably results (at least partly) from the capture of inhibitory
neurons in this line. Many of the GRPR cells showed delayed firing,
consistent with previous reports for both GRPR neurons®**** and

vertical cells.®?2°1%7 The single-spike pattern, which we found in
~40% of cells, has seldom been seen in either of these classes.
However, firing pattemns depend on the recording conditions, and
simulations have shown that delayed and single-spike firing can
arise from similar ion channel densities.
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Figure 12. Chemogenetic activation of GRPR cells. (A) A sagittal section through the injection sites from one of the mice that received intraspinal injections of
AAV.flex.ntM3Dg-mCherry, targeted on the L3, L4, and L5 segments. The section has been stained to reveal mCherry (magenta). (B-F) Behavioural results seen
after treatment with CNO or vehicle. In each case, plots show mean and standard deviation, whereas individual paired values for each mouse are shown with grey
lines (n = 6). (B, C) Time spent biting or licking the affected area on the hind paw ipsilateral to the intraspinal injection site and number of biting or licking bouts. (D)
Time spent lifting or guarding of the ipsilateral hind paw, number of liting and/or guarding episodes, and the number of paw shakes. (E) Mean withdrawal threshold
(MWT) as assessed with von Frey hairs. (F) Withdrawal latency to a radiant heat stimulus (Hargreaves test). Significance: *P < 0.05, **P < 0.01, ***P < 0.001,
paired t tests. Scale bar in A = 500 pm. GRPR, gastrin-releasing peptide receptor.
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Previous studies have reported that most vertical cells receive
monosynaptic primary afferent input, arising from A8 and/or C
afferents.??%® By contrast, we could only confirm monosynaptic
input in 25% of cases, and this was invariably from C fibres.
However, we are likely to have underestimated the proportion of
GRPR cells receiving monosynaptic input for technical reasons,
such as transection of afferents during slice preparation, or
failure to stimulate the appropriate dorsal roots. Consistent with
this interpretation, we found that 7 of 10 cells showed increased
mEPSC frequency in the presence of capsaicin, indicating that
they received direct input from TRPV1+ afferents. Interestingly,
this differs from the findings of Zheng et al.,”® who saw no
change in mEPSC frequency when capsaicin was applied
during recordings from vertical cells. Another difference from
previous findings is that only 1 of 8 GRPR cells responded to 5-
HT, and only half responded to norepinephrine, whereas Lu and
Perl®® found that all of their vertical cells showed outward
currents in response to both monoamines. One possible reason
for these discrepancies is that they reflect species differences
because some of these previous studies were performed on
guinea pig®? or rat.®®% However, an alternative explanation is
that there are other types of vertical cells, and that these were
included in previous studies. In support of this, we have recently
found that neurons belonging to the NPFF population are also
vertical cells (RQ, EP, MGM, and AJT, unpublished data). In
addition, we previously reported that some dynorphin-
expressing excitatory interneurons were vertical cells,?® and
these do not overlap with the GRPR population (MGM and AJT,
unpublished observations).

Lu and Perl®” reported that transient central cells were often
presynaptic to vertical cells, and it was subsequently suggested
that this connection forms part of a circuit for tactile allodynia.*®
Interestingly, recent reports have identified GRP-GFP neurons as
transient central cells,'®** and Pagani et al. showed that these
provide synaptic input to the GRPR neurons as part of a putative
itch pathway.** It is therefore possible that the transient central to
vertical cell circuit identified by Lu and Perl corresponds to this
GRP-GFP to GRPR cell pathway and thus contributes to
perception of itch.

4.3. Role for gastrin-releasing peptide receptor cells in both
itch and pain

Although GRPR cells are believed to act as third-order neurons in
the itch pathway (“tertiary pruritoceptors”),>>%% our results
indicate that many of them are directly innervated by Trpv1-
expressing (nociceptive) primary afferents, and consistent with
this, the majority responded to noxious stimulation. We also
found that chemogenetically activating the GRPR cells evoked
pain-related and itch-related behaviours. Interestingly, activation
of GRP-expressing neurons (which form glutamatergic synapses
on the GRPR cells**) was also found to result in both pain and itch
behaviour.%® It is therefore likely that the GRPR cells captured in
the GRPR®5"2 line convey both nociceptive and pruritoceptive
information to ALS projection neurons.

At first sight, this is at odds with the finding that intrathecal
administration of GRP causes itch, but not pain, behav-
iour, 334557 and that GRPR knockout, or ablation of GRPR-
expressing cells, selectively suppresses itch.°® Because we
found that only some of the neurons captured in this line
responded to GRP, one possible explanation is that these
represent a functionally distinct subset that exclusively convey
itch, whereas the remaining (nonresponsive) cells contribute to
pain processing. However, this seems unlikely because ~90% of
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the cells labelled in the GRPR®®FR"™2 mouse responded to
noxious stimuli. A more likely explanation is that GRP-GRPR
signalling is itch-specific, whereas other signalling pathways used
by the GRPR cells (eg, glutamatergic input from nociceptive
afferents and GRP-expressing excitatory interneurons) are in-
volved in pain. Ablation of GRPR-expressing cells may preferen-
tially affect those with relatively high levels of expression and
therefore selectively prevent itch. Alternatively, this selectivity may
reflect a form of redundancy, in which transmission of nociceptive
information by other pathways is sufficient to evoke normal pain
behaviours, even when the GRPR cells have been ablated.

Vertical cells are known to innervate lamina | projection
neurons, '®°7 and consistent with this, Mu et al.*" demonstrated
synaptic input from GRPR cells to some spinoparabrachial
neurons in this lamina. However, we find that axons of the GRPR
cells also target the lateral part of lamina V and the adjacent white
matter, areas that contains many wide-dynamic-range ALS
neurons.®® The GRPR cells may therefore also provide a route
through which nociceptive information can reach these deep
projection cells.

Conflict of interest statement

The authors have no conflicts of interest to declare.

Acknowledgements

The authors thank Mr R. Kerr, Mrs C. Watt and Mr |. Plenderleith
for expert technical assistance, and Dr YanGang Sun for the
generous gift of GRPR®"ERT2 mice. Financial support from the
Wellcome Trust (Grants 102645/2/13/Z and 219433/2/19/Z) and
the Medical Research Council (Grants MR/S002987/1 and MR/
V033638/1) is gratefully acknowledged.

Appendix A. Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PAIN/B638.

Supplemental video content

Avideo abstract associated with this article can be found at http://
links.lww.com/PAIN/B639.

Article history:

Received 23 February 2022
Received in revised form 4 April 2022
Accepted 6 April 2022

Available online 11 May 2022

References

[1] Albisetti GW, Pagani M, Platonova E, Hosli L, Johannssen HC, Fritschy
JM, Wildner H, Zeilhofer HU. Dorsal horn gastrin-releasing peptide
expressing neurons transmit spinal itch but not pain signals. J Neurosci
2019;39:2238-50.

Aresh B, Freitag FB, Perry S, Blumel E, Lau J, Franck MCM, Lagerstrom
MC. Spinal cord interneurons expressing the gastrin-releasing peptide
receptor convey itch through VGLUT2-mediated signaling. PAIN 2017;
158:945-61.

Balachandar A, Prescott SA. Origin of heterogeneous spiking patterns
from continuously distributed ion channel densities: a computational
study in spinal dorsal horn neurons. J Physiol 2018;596:1681-97.
Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG,
Dunne PD, McQuaid S, Gray RT, Murray LJ, Coleman HG, James JA,
Salto-Tellez M, Hamilton PW. QuPath: open source software for digital
pathology image analysis. Sci Rep 2017;7:16878.

[2

[3

[4


http://links.lww.com/PAIN/B638
http://links.lww.com/PAIN/B639
http://links.lww.com/PAIN/B639

January 2023 e Volume 164 ¢ Number 1

[5] BardoniR, Shen KF, LiH, Jeffry J, Barry DM, Comitato A, Li YQ, Chen ZF.
Pain inhibits GRPR neurons via GABAergic signaling in the spinal cord. Sci
Rep 2019;9:15804.

Bell AM, Gutierrez-Mecinas M, Polgar E, Todd AJ. Spinal neurons that

contain gastrin-releasing peptide seldom express Fos or phosphorylate

extracellular signal-regulated kinases in response to intradermal

chloroquine. Mol Pain 2016;12:1744806916649602.

Bell AM, Gutierrez-Mecinas M, Stevenson A, Casas-Benito A, Wildner H,

West SJ, Watanabe M, Todd AJ. Expression of green fluorescent protein

defines a specific population of lamina Il excitatory interneurons in the

GRP::eGFP mouse. Sci Rep 2020;10:13176.

Booker SA, Althof D, Gross A, Loreth D, Muller J, Unger A, Fakler B, Varro

A, Watanabe M, Gassmann M, Bettler B, Shigemoto R, Vida I, Kulik A.

KCTD12 auxiliary proteins modulate kinetics of GABAB receptor-

mediated inhibition in cholecystokinin-containing interneurons. Cereb

Cortex 2017;27:2318-34.

Boyle KA, Gradwell MA, Yasaka T, Dickie AC, Polgar E, Ganley RP, Orr

DPH, Watanabe M, Abraira VE, Kuehn ED, Zimmerman AL, Ginty DD,

Callister RJ, Graham BA, Hughes DI. Defining a spinal microcircuit that

gates myelinated afferent input: implications for tactile allodynia. Cell Rep

2019;28:526-40 e526.

[10] Braz J, Solorzano C, Wang X, Basbaum Al. Transmitting pain and itch
messages: a contemporary view of the spinal cord circuits that generate
gate control. Neuron 2014;82:522-36.

[11] Cai D, Cohen KB, Luo T, Lichtman JW, Sanes JR. Improved tools for the
Brainbow toolbox. Nat Methods 2013;10:540-7.

[12] Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative
assessment of tactile allodynia in the rat paw. J Neurosci Methods 1994;
53:55-63.

[13] ChenXJ, Sun YG. Central circuit mechanisms of itch. Nat Commun 2020;
11:3052.

[14] Cheng L, Arata A, Mizuguchi R, Qian Y, Karunaratne A, Gray PA, Arata S,
Shirasawa S, Bouchard M, Luo P, Chen CL, Busslinger M, Goulding M,
Onimaru H, Ma Q. Tix3 and Tix1 are post-mitotic selector genes determining
glutamatergic over GABAergic cell fates. Nat Neurosci 2004;7:510-17.

[15] Cordero-Erausquin M, Allard S, Dolique T, Bachand K, Ribeiro-da-Silva
A, De Koninck Y. Dorsal horn neurons presynaptic to lamina |
spinoparabrachial neurons revealed by transynaptic labeling. J Comp
Neurol 2009;517:601-15.

[16] Dickie AC, Bell AM, Iwagaki N, Polgar E, Gutierrez-Mecinas M, Kelly R,
Lyon H, Turnbull K, West SJ, Etlin A, Braz J, Watanabe M, Bennett DLH,
Basbaum Al, Riddell JS, Todd AJ. Morphological and functional
properties distinguish the substance P and gastrin-releasing peptide
subsets of excitatory interneuron in the spinal cord dorsal horn. PAIN
2019;160:442-62.

[17] Dressler GR, Douglass EC. Pax-2 is a DNA-binding protein expressed in
embryonic kidney and Wilms tumor. Proc Natl Acad Sci U S A 1992;89:
1179-83.

[18] Friard O, Gamba M. BORIS: a free, versatile open-source event-logging
software for video/audio coding and live observations. Methods Ecol Evol
2016;7:1325-30.

[19] Ganley RP, lwagakiN, Del Rio P, Baseer N, Dickie AC, Boyle KA, Polgar E,
Watanabe M, Abraira VE, Zimmerman A, Riddell JS, Todd AJ. Inhibitory
interneurons that express GFP in the PrP-GFP mouse spinal cord are
morphologically heterogeneous, innervated by several classes of primary
afferent and include lamina | projection neurons among their postsynaptic
targets. J Neurosci 2015;35:7626-42.

[20] Graham BA, Brichta AM, Callister RJ. In vivo responses of mouse
superficial dorsal horn neurones to both current injection and peripheral
cutaneous stimulation. J Physiol 2004;561:749-63.

[21] Graham BA, Brichta AM, Schofield PR, Callister RJ. Altered potassium
channel function in the superficial dorsal horn of the spastic mouse.
J Physiol 2007;584:121-36.

[22] Grudt TJ, Perl ER. Correlations between neuronal morphology and
electrophysiological features in the rodent superficial dorsal horn.
J Physiol 2002;540:189-207.

[23] Gutierrez-Mecinas M, Bell A, Polgar E, Watanabe M, Todd AJ. Expression
of neuropeptide FF defines a population of excitatory interneurons in the
superficial dorsal horn of the mouse spinal cord that respond to noxious
and pruritic stimuli. Neuroscience 2019;416:281-93.

[24] Gutierrez-Mecinas M, Bell AM, Marin A, Taylor R, Boyle KA, Furuta T,
Watanabe M, Polgar E, Todd AJ. Preprotachykinin A is expressed by a
distinct population of excitatory neurons in the mouse superficial spinal
dorsal horn including cells that respond to noxious and pruritic stimuli.
PAIN 2017;158:440-56.

[25] Gutierrez-Mecinas M, Bell AM, Shepherd F, Polgar E, Watanabe M,
Furuta T, Todd AJ. Expression of cholecystokinin by neurons in mouse
spinal dorsal horn. J Comp Neurol 2019;527:1857-71.

[6

[7

[8

9

www.painjournalonline.com 169

[26] Gutierrez-Mecinas M, Furuta T, Watanabe M, Todd AJ. A quantitative
study of neurochemically defined excitatory interneuron populations in
laminae |-l of the mouse spinal cord. Mol Pain 2016;12:
1744806916629065.

[27] Haring M, Zeisel A, Hochgerner H, Rinwa P, Jakobsson JET, Lonnerberg
P, La Manno G, Sharma N, Borgius L, Kiehn O, Lagerstrom MC,
Linnarsson S, Ernfors P. Neuronal atlas of the dorsal horn defines its
architecture and links sensory input to transcriptional cell types. Nat
Neurosci 2018;21:869-80.

[28] Heinke B, Ruscheweyh R, Forsthuber L, Wunderbaldinger G, Sandkuhler
J. Physiological, neurochemical and morphological properties of a
subgroup of GABAergic spinal lamina Il neurones identified by
expression of green fluorescent protein in mice. J Physiol 2004;560:
249-66.

[29] Huang J, Polgar E, Solinski HJ, Mishra SK, Tseng PY, lwagaki N, Boyle
KA, Dickie AC, Kriegbaum MC, Wildner H, Zeilhofer HU, Watanabe M,
Riddell JS, Todd AJ, Hoon MA. Circuit dissection of the role of
somatostatin in itch and pain. Nat Neurosci 2018;21:707-16.

[380] Huang T, Lin SH, Malewicz NM, Zhang Y, Zhang Y, Goulding M, LaMotte
RH, Ma Q. Identifying the pathways required for coping behaviours
associated with sustained pain. Nature 2019;565:86-90.

[31] Ilwagaki N, Ganley RP, Dickie AC, Polgér E, Hughes DI, Del Rio P, Revina
Y, Watanabe M, Todd AJ, Riddell JS. A combined electrophysiological
and morphological study of neuropeptide Y-expressing inhibitory
interneurons in the spinal dorsal horn of the mouse. PAIN 2016;157:
598-612.

[32] Kaneko T, Murashima M, Lee T, Mizuno N. Characterization of
neocortical non-pyramidal neurons expressing preprotachykinins A and
B: a double immunofluorescence study in the rat. Neuroscience 1998;86:
765-81.

[33] Kardon AP, Polgar E, Hachisuka J, Snyder LM, Cameron D, Savage S,
Cai X, Karnup S, Fan CR, Hemenway GM, Bernard CS, Schwartz ES,
Nagase H, Schwarzer C, Watanabe M, Furuta T, Kaneko T, Koerber HR,
Todd AJ, Ross SE. Dynorphin acts as a neuromodulator to inhibit itch in
the dorsal horn of the spinal cord. Neuron 2014;82:573-86.

[34] KogaK, Yamagata R, Kohno K, Yamane T, Shiratori-Hayashi M, Kohro Y,
Tozaki-Saitoh H, Tsuda M. Sensitization of spinal itch transmission
neurons in a mouse model of chronic itch requires an astrocytic factor.
J Allergy Clin Immunol 2020;145:183-91 e110.

[35] Larsson M. Pax2 is persistently expressed by GABAergic neurons
throughout the adult rat dorsal horn. Neurosci Lett 2017;638:96-101.

[36] LuY,DongH, GaoY,GongY,RenY,GuN, Zhou S, XiaN, SunYY, JiRR,
Xiong L. A feed-forward spinal cord glycinergic neural circuit gates
mechanical allodynia. J Clin Invest 2013;123:4050-62.

[37] Lu Y, Perl ER. Modular organization of excitatory circuits between
neurons of the spinal superficial dorsal horn (laminae | and Il). J Neurosci
2005;25:3900-7.

[388] Lu VY, Perl ER. Selective action of noradrenaline and serotonin on
neurones of the spinal superficial dorsal horn in the rat. J Physiol 2007;
582:127-36.

[39] Maxwell DJ, Belle MD, Cheunsuang O, Stewart A, Morris R. Morphology
of inhibitory and excitatory interneurons in superficial laminae of the rat
dorsal horn. J Physiol 2007;584:521-33.

[40] Mishra SK, Hoon MA. The cells and circuitry for itch responses in mice.
Science 2013;340:968-71.

[41] MuD, Deng J, Liu KF, Wu ZY, Shi YF, Guo WM, Mao QQ, Liu XJ, LiH, Sun
YG. A central neural circuit for itch sensation. Science 2017;357:695-9.

[42] Munanairi A, Liu XY, Barry DM, Yang Q, Yin JB, Jin H, Li H, Meng QT,
Peng JH, Wu ZY, Yin J, Zhou XY, Wan L, Mo P, Kim S, Huo FQ, Jeffry J, Li
YQ, Bardoni R, Bruchas MR, Chen ZF. Non-canonical opioid signaling
inhibits itch transmission in the spinal cord of mice. Cell Rep 2018;23:
866-77.

[43] Nakatsuka T, Ataka T, Kumamoto E, Tamaki T, Yoshimura M. Alteration in
synaptic inputs through C-afferent fibers to substantia gelatinosa neurons
of the rat spinal dorsal horn during postnatal development. Neuroscience
2000;99:549-56.

[44] PaganiM, Albisetti GW, Sivakumar N, Wildner H, Santello M, Johannssen
HC, Zeilhofer HU. How gastrin-releasing peptide opens the spinal gate for
itch. Neuron 2019;103:102-17.

[45] Pereira PJ, Machado GD, Danesi GM, Canevese FF, Reddy VB, Pereira
TC, Bogo MR, Cheng YC, Laedermann C, Talbot S, Lerner EA, Campos
MM. GRPR/PI3Kgamma: partners in central transmission of itch.
J Neurosci 2015;35:16272-81.

[46] Polgar E, Bell AM, Gutierrez-Mecinas M, Dickie AC, Akar O, Costreie M,
Watanabe M, Todd AJ. Substance P-expressing neurons in the
superficial dorsal horn of the mouse spinal cord: insights into their
functions and their roles in synaptic circuits. Neuroscience 2020;450:
113-25.


www.painjournalonline.com

170 E. Polgér et al. 164 (2023) 149-170

[47] Polgar E, Bell AM, Gutierrez-Mecinas M, Dickie AC, Akar O, Costreie M,
Watanabe M, Todd AJ. Substance P-expressing neurons in the superficial
dorsal horn of the mouse spinal cord: insights into their functions and their
roles in synaptic circuits. Neuroscience 2020;450:113-25.

[48] Polgar E, Durrieux C, Hughes DI, Todd AJ. A quantitative study of
inhibitory interneurons in laminae I-lll of the mouse spinal dorsal horn.
PLoS One 2013;8:78309.

[49] Polgar E, Gray S, Riddell JS, Todd AJ. Lack of evidence for significant
neuronal loss in laminae I-lll of the spinal dorsal horn of the rat in the
chronic constriction injury model. PAIN 2004;111:144-50.

[50] Porteous R, Petersen SL, Yeo SH, Bhattarai JP, Ciofi P, de Tassigny XD,
Colledge WH, Caraty A, Herbison AE. Kisspeptin neurons co-express
met-enkephalin and galanin in the rostral periventricular region of the
female mouse hypothalamus. J Comp Neurol 2011;519:3456-69.

[51] Punnakkal P, von Schoultz C, Haenraets K, Wildner H, Zeilhofer HU.
Morphological, biophysical and synaptic properties of glutamatergic
neurons of the mouse spinal dorsal homn. J Physiol 2014;592:759-76.

[52] Ruscheweyh R, Sandkuhler J. Lamina-specific membrane and discharge
properties of rat spinal dorsal horn neurones in vitro. J Physiol 2002;541:
231-44.

[63] Sathyamurthy A, Johnson KR, Matson KJE, Dobrott CI, Li L, Ryba AR,
Bergman TB, Kelly MC, Kelley MW, Levine AJ. Massively parallel single
nucleus transcriptional profiling defines spinal cord neurons and their
activity during behavior. Cell Rep 2018;22:2216-25.

[64] Sheahan TD, Warwick CA, Fanien LG, Ross SE. The neurokinin-1
receptor is expressed with gastrin-releasing peptide receptor in spinal
interneurons and modulates itch. J Neurosci 2020;40:8816-30.

[65] Smith KM, Boyle KA, Madden JF, Dickinson SA, Jobling P, Callister RJ,
Hughes DI, Graham BA. Functional heterogeneity of calretinin-expressing
neurons in the mouse superficial dorsal horn: implications for spinal pain
processing. J Physiol 2015;593:4319-39.

[56] Sun S, Xu Q, Guo C, Guan Y, Liu Q, Dong X. Leaky gate model: intensity-
dependent coding of pain and itch in the spinal cord. Neuron 2017;93:840-53.

[57] Sun YG, Chen ZF. A gastrin-releasing peptide receptor mediates the itch
sensation in the spinal cord. Nature 2007;448:700-3.

[68] Sun YG, Zhao ZQ, Meng XL, Yin J, Liu XY, Chen ZF. Cellular basis of itch
sensation. Science 2009;325:1531-4.

[59] Szucs P, Pinto V, Safronov BV. Advanced technique of infrared LED
imaging of unstained cells and intracellular structures in isolated spinal

PAIN®

cord, brainstem, ganglia and cerebellum. J Neurosci Methods 2009;177:
369-80.

[60] Todd AJ. Neuronal circuitry for pain processing in the dorsal horn. Nat Rev
Neurosci 2010;11:823-36.

[61] Todd AJ. Identifying functional populations among the interneurons in
laminae |-l of the spinal dorsal horn. Mol Pain 2017;13:
1744806917693003.

[62] Todd AJ, Puskar Z, Spike RC, Hughes C, Watt C, Forrest L. Projection
neurons in lamina | of rat spinal cord with the neurokinin 1 receptor are
selectively innervated by substance P-containing afferents and respond
to noxious stimulation. J Neurosci 2002;22:4103-13.

[63] Torsney C, MacDermott AB. Disinhibition opens the gate to pathological
pain signaling in superficial neurokinin 1 receptor-expressing neurons in
rat spinal cord. J Neurosci 2006;26:1833-43.

[64] Wang X, Zhang J, Eberhart D, Urban R, Meda K, Solorzano C, Yamanaka
H, Rice D, Basbaum Al. Excitatory superficial dorsal horn interneurons are
functionally heterogeneous and required for the full behavioral expression
of pain and itch. Neuron 2013;78:312-24.

[65] Wercberger R, Basbaum Al. Spinal cord projection neurons: a superficial,
and also deep, analysis. Curr Opin Physiol 2019;11:109-15.

[66] YasakaT, Kato G, Furue H, Rashid MH, Sonohata M, Tamae A, Murata VY,
Masuko S, Yoshimura M. Cell-type-specific excitatory and inhibitory
circuits involving primary afferents in the substantia gelatinosa of the rat
spinal dorsal horn in vitro. J Physiol 2007;581:603-18.

[67] Yasaka T, Tiong SYX, Hughes DI, Riddell JS, Todd AJ. Populations of
inhibitory and excitatory interneurons in lamina Il of the adult rat spinal
dorsal horn revealed by a combined electrophysiological and anatomical
approach. PAIN 2010;151:475-88.

[68] Yoshida T, Fukaya M, Uchigashima M, Miura E, Kamiya H, Kano M,
Watanabe M. Localization of diacylglycerol lipase-alpha around
postsynaptic spine suggests close proximity between production site of
an endocannabinoid, 2-arachidonoyl-glycerol, and presynaptic
cannabinoid CB1 receptor. J Neurosci 2006;26:4740-51.

[69] Zhang Q, Lee WA, Paul DL, Ginty DD. Multiplexed peroxidase-based
electron microscopy labeling enables simultaneous visualization of
multiple cell types. Nat Neurosci 2019;22:828-39.

[70] Zheng J, Lu Y, Perl ER. Inhibitory neurones of the spinal substantia
gelatinosa mediate interaction of signals from primary afferents. J Physiol
2010;588:2065-75.



