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Abstract

A growing body of experimental evidence shows that glycinergic inhibition plays
vital roles in spinal pain processing. In spite of this, however, our knowledge
about the morphology, neurochemical characteristics, and synaptic relations of
glycinergic neurons in the spinal dorsal horn is very limited. The lack of this
knowledge makes our understanding about the specific contribution of
glycinergic neurons to spinal pain processing quite vague. Here we investigated
the morphology and neurochemical characteristics of glycinergic neurons in lami-
nae I-1V of the spinal dorsal horn using a GlyT2::CreERT2-tdTomato transgenic
mouse line. Confirming previous reports, we show that glycinergic neurons are
sparsely distributed in laminae I-Il, but their densities are much higher in lamina
Il and especially in lamina IV. First in the literature, we provide experimental evi-
dence indicating that in addition to neurons in which glycine colocalizes with
GABA, there are glycinergic neurons in laminae |-l that do not express GABA
and can thus be referred to as glycine-only neurons. According to the shape and
size of cell bodies and dendritic morphology, we divided the tdTomato-labeled
glycinergic neurons into three and six morphological groups in laminae I-Il and
laminae IlI-1V, respectively. We also demonstrate that most of the glycinergic
neurons co-express neuronal nitric oxide synthase, parvalbumin, the receptor
tyrosine kinase RET, and the retinoic acid-related orphan nuclear receptor
(RORB), but there might be others that need further neurochemical characteriza-
tion. The present findings may foster our understanding about the contribution of
glycinergic inhibition to spinal pain processing.
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1 | INTRODUCTION

Neural circuits in the spinal dorsal horn play a fundamental role in the
processing of neural activities evoked by peripheral noxious stimuli. In
case of peripheral inflammation and neuropathy, becomes perturbed and
shifted toward stronger excitation, thereby contributing to central sensi-
tization and chronic pain (for review, see Peirs & Seal, 2016; Koch et al.,
2018; Zeilhofer et al., 2021). Furthermore, a loss of inhibition at the bor-
der between the superficial and the deep dorsal horn activates normally
silent polysynaptic projections from non-nociceptive touch sensitive Af
fibers to nociceptive projections neurons of lamina |, thereby giving rise
to allodynia (touch-evoked pain), which is a hallmark of many chronic
pain syndromes. Thus, elucidating the nature of inhibitory control over
the incoming nociceptive signals is crucial for the understanding of spinal
pain processing, the consecutive development of chronic pain, and
revealing possibilities for pain attenuation strategies, which may take
effect at the level of the spinal dorsal horn.

Fast inhibitory neurotransmission is mediated by both GABA and
glycine in the spinal cord. Early immunocytochemical studies showed
that in the superficial spinal dorsal horn, glycine is present exclusively in
cells and axon terminals, which contain GABA (Todd, 1996; Todd
et al, 1995, 1996; Todd & Sullivan, 1990), but only half of the
GABAergic cells have been found to be immunoreactive also for glycine
(Mitchell et al., 1993; Todd & Sullivan, 1990). Thus, while recording mini-
ature inhibitory postsynaptic currents (mIPSCs) from neurons within the
superficial spinal dorsal horn, one would expect that cells displaying gly-
cine receptor-mediated mIPSCs would also show GABA, receptor-
mediated mIPSCs. On the contrary, however, glycine-only mIPSCs were
detected in many cases from superficial dorsal horn neurons (Chery & de
Koninck, 1999; Keller et al., 2001). Following these early observations,
the importance of glycine-only synaptic inhibition in spinal pain control
(Aubrey &
Supplisson, 2018; Lu et al., 2015). It seems that a substantial proportion

has been substantiated by many other reports
of the inhibitory input onto neurons in the superficial spinal dorsal horn,
especially in laminae lli and Ill, is glycinergic (Foster et al., 2015; Lu
et al.,, 2015; Punnakkal et al., 2014; Takazawa et al., 2017; Takazawa &
McDermott, 2010), and the ablation or silencing of glycinergic synaptic
transmission induces thermal and mechanical sensitization and spontane-
ous pain (Foster et al., 2015; Lu et al., 2015).

Although it is now widely accepted that glycinergic neurons play
an important role in spinal pain processing, the axonal and dendritic
morphology of dorsal horn glycinergic neurons as well as the defini-
tion of their presynaptic input neurons and postsynaptic targets are
still ill-defined. With the exception of some early studies in which gly-
cine immunoreactivity was identified in some Golgi impregnated neu-
rons (Powell & Todd, 1992; Todd & Sullivan, 1990), there is no report
about the morphology and neurochemical characterization of
glycinergic neurons in the spinal dorsal horn. Without this fundamen-
tal knowledge, however, the contribution of glycinergic inhibition to
spinal pain processing cannot be accurately described. Thus, in a
series of experiments we intend to explore the distribution and mor-
phological properties as well as the synaptic relations of glycinergic
neurons in the superficial spinal dorsal horn. As the first piece of these

studies, we present an account about the distribution, dendritic mor-
phology, and neurochemical characterization of glycinergic neurons in
laminae 1-1V of the spinal dorsal horn in a transgenic mouse line, in
which glycinergic neurons were labeled with tdTomato under the con-
trol of the glycine transporter 2 (GlyT2) gene, encoding a highly spe-
cific axonal membrane transporter of glycinergic neurons (Poyatos
etal, 1997).

2 | MATERIALS AND METHODS

21 | Animals

A bacterial artificial chromosome (BAC) transgenic mouse expressing an
estrogen receptor-dependent CreERT2 recombinase under the transcrip-
tional control of the GlyT2 gene (GlyT2::CreERT2) was generated using
the same strategy previously used to generate GlyT2:Cre (Foster
et al., 2015) and GlyT2::eGFP (Zeilhofer et al., 2005) mice. The GlyT2:
CreERT2 mice were crossed with a tdTomato reporter mice (007914—
B6.Cg-Gt(ROSA)26Sorm14(CAGtdTomatolHize /j - The  Jackson Laboratories,
Bar Harbor, ME, USA). Double transgenic off-springs of these mouse
lines received an intraperitoneal tamoxifen injection (2 mg/pup, Sigma,
Cat# T5648) at the 8th-10th postnatal days. The tamoxifen solution
was prepared according to Zheng et al. (2019). At the 18th-20th postna-
tal days, the animals were genotyped for both the GlyT2ERT2 and the
tdTomato transgene, and only those male animals were kept for the
experiments that expressed both genes. These animals grew up and nine
of them were used for the experiments at the age of 3-5 months. All
animal study protocols were approved by the Animal Care and Protec-
tion Committee at the University of Debrecen and were in accordance
with the European Community Council Directives.

2.2 | Preparation of tissue sections

221 | Forimmunohistochemistry

Animals were deeply anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) and transcardially perfused with Tyrode's solution
(oxygenated with a mixture of 95% O,, 5% CO,), followed by a fixa-
tive containing 4% paraformaldehyde dissolved in .1 M phosphate
buffer (PB, pH 7.4). After the transcardial fixation, the lumbar seg-
ments of the spinal cord were removed, post-fixed in the original fixa-
tive for 3-4 hours, and immersed into 10 and 20% sucrose dissolved
in .1 M PB until they sank. In order to enhance reagent penetration,
the removed spinal cord was freeze-thawed in liquid nitrogen, sectioned
at 50 or 100 pm on a vibratome, and extensively washed in .1 M PB.
While the 50-pm thick sections were obtained in transverse, horizontal,
and sagittal directions, the 100 pm thick sections were always cut in
sagittal orientation. The 100 pm thick sections were mounted on glass
slides without any further treatment, dehydrated, and covered with Per-
mount neutral medium; whereas the 50-um thick sections were further

processed for immunohistochemistry.
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2.2.2 | Forinsitu hybridization

Animals were deeply anesthetized with sodium pentobarbital
(50 mg/kg, i.p.). The lumbar segments of the spinal cord were
removed and frozen on dry ice. The frozen spinal cord was cut into
16-pm thick sections in a cryostat and mounted onto Superfrost Plus
glass sides (Thermo Fischer Scientific, Cat# J1800AMNZ). The sec-

tions were stored on —20°C until further treatments.

23 | Immunohistochemistry

2.3.1 | Single immunostaining

A single immunostaining protocol was performed to study the expression
of markers specific for inhibitory neurons (Boyle et al, 2017; Smith
et al.,, 2015) in GlyT2::CreERT2-tdTomato-labeled neurons. Free-floating
sections were incubated with one of the following antibodies: (1) rabbit
anti-paired box gene 2 transcription factor (PAX2) (diluted 1:1000,
Thermo Fisher Scientific Cat# 71-6000, RRID:AB_2533990), (2) goat
anti-neuronal nitric oxide synthase (nNNOS) (diluted 1:8000, Abcam Cat#
ab1376, RRID:AB_1566510), (3) rabbit anti-neuropeptide Y (NPY) (1:400,
ABCAM Cat# AB30914, RRID:AB_2807030), (4) rabbit anti-parvalbumin
(PV) (diluted 1:60,000, Swant Cat# PV27, RRID: AB_2631173) or mouse
anti-PV (diluted 1:20,000, Swant Cat# PV235, RRID:AB_10000393),
(5) rabbit anti-galanin (diluted 1:12000, Peninsula Laboratories Cat#
T-4334.0050, RRID:AB_518348), and (6) goat anti-calretinin (diluted
1:30,000, Swant Cat# CG1, RRID:AB_10000342). The sections were
incubated in the primary antibody solutions for 2 days at 4°C and were
transferred for an overnight treatment into goat anti-rabbit IgG, goat anti-
mouse IgG, or rabbit anti-goat 1gG secondary antibodies conjugated with
Alexa Fluor 488 (diluted 1:1000, Thermo Fisher Scientific Cat# A-11008,
RRID:AB_143165;;Cat # A-11001, AB_2534069; Cat# A-11078, RRID:
AB_2534122). Before the antibody treatments, the sections were kept
in 20% normal goat or normal rabbit serum (Vector Laboratories,
Burlingame, CA, USA) for 50 min. Antibodies were diluted in 10 mM
TPBS (pH 7.4) to which 1% normal goat or rabbit serum (Vector
Laboratories., Burlingame, CA, USA) was added. Sections were mounted
on glass slides and covered with Vectashield mounting medium (Vector
Laboratories., Burlingame, CA, USA).
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2.3.2 | Double immunostaining
Double-immunostaining protocols were performed to study the
colocalization of glycinergic and GABAergic markers, GlyT2, and glutamic
acid decarboxylase (GAD), respectively, in axon terminals of GlyT2:
CreERT2-tdTomato-labeled neurons in laminae I-Il. Free-floating sections
were incubated with a mixture of guinea pig anti-GlyT2 (1:1000, Synaptic
Systems Cat# 272004, RRID:AB_2619998) and rabbit anti-GAD recog-
nizing both 65kD and 67 kD isoforms of the enzyme (GAD65/67) (diluted
1:2000, Abcam, Cat# AB183999, EPR19366). The sections were incu-
bated in the primary antibody solutions for 2 days at 4°C and were trans-
ferred for an overnight treatment into a mixture of goat anti-guinea pig
IgG conjugated with Alexa Fluor 488 (diluted 1:1000, Thermo Fisher Sci-
entific Cat# A-11073, RRID:AB_2534117) and goat anti-rabbit IgG conju-
gated with Alexa Fluor 647 (diluted 1:1000, Thermo Fisher Scientific
Cat# A-21244, RRID:AB_2535812). Before the antibody treatments, the
sections were kept in 20% normal goat serum (Vector Laboratories.,
Burlingame, CA, USA) for 50 min. Antibodies were diluted in 10 mM
TPBS (pH 7.4) to which 1% normal goat serum (Vector Laboratories.,
Burlingame, CA, USA) was added. Sections were mounted on glass slides
and covered with Vectashield mounting medium (Vector Laboratories.,
Burlingame, CA, USA).

2.4 | Characterization of antibodies

Primary antibodies used in this study are listed in Table 1.

241 | Anti-calretinin
The calretinin (CR) antibody was produced against recombinant
human CR and showed no staining in the brains of CR-knockout mice

(manufacturer's specification).

242 | Anti-GAD65/67

This is a recombinant monoclonal antibody raised against the aa
450 to the C-terminus fragment of mouse GAD65+GAD67. The

:rﬁig:dfe: usteSt of primary Target Host species  Dilution Catalog # Company RRID
Calretinin Goat 1:30000 CG1 SWANT AB_10000342
GAD65/67 Rabbit 1:2000 AB183999  ABCAM EPR19366
Galanin Rabbit 1:12000 T4334 Peninsula AB_518348
GlyT2 Guinea pig 1:1000 272-004 Synaptic System AB_2619998
nNOS Goat 1:8000 AB1376 ABCAM AB_300614
Neuropeptide Y  Rabbit 1:400 AB30914 ABCAM AB_1566510
Parvalbumin Rabbit 1:60000 PV27 SWANT AB_2631173
Parvalbumin Mouse 1:20000 PVv235 SWANT AB_10000393
PAX2 Rabbit 1:1000 71-6000 ThermoFisher Sci. AB_2533990
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antibody was extensively tested with Western blots and various
immunostaining protocols, and it was shown that it specifically recog-
nizes both the 65 and 67 kDa isoforms of GAD (Augustine
et al., 2018; Ikegami et al., 2018).

243 | Anti-galanin

The antibody was raised against a
(GWTLNSAGYLLGPHAIDNHRSFSDKHGLT;

galanin (GAL)). It has been shown that preincubation of the antibody

synthetic  peptide

sequence from rat

with the immunizing peptide blocks all immunolabeling (Landry
et al., 2006; Simmons et al., 1995).

244 | Anti-GlyT2

The anti-GlyT2 antibody was raised against a rat N-terminus 229-aa
peptide and validated by Western blot, reflecting a pattern and distri-
bution consistent with previous spinal cord staining (Corleto
et al., 2015; Tulloch et al., 2019).

245 | Anti-nNOS

The antibody was raised against a synthetic peptide corresponding to
amino acids 1423-1434 of human nNOS. The specificity of the antibody
was tested by Western blot and immunohistochemical staining carried
out on human brain tissue lysates and mouse dorsal root ganglion fol-

lowing spinal nerve ligation, respectively (manufacturer's specification).

24.6 | Anti-NPY

It has been shown that immunostaining with the NPY antibody is
abolished by preincubation with NPY (Rowan et al., 1993). It has been
reported also that immunostaining with an antibody raised in sheep is
absent in the brains of NPY knockout mice (Glavas et al., 2008). In
addition, it was found that dual immunofluorescence staining with the
rabbit and sheep NPY antibodies revealed identical structures within
the dorsal horn (Polgar et al., 2011).

2.4.7 | Anti-parvalbumin

The polyclonal rabbit PV antiserum was raised against recombinant
rat PV. In Western blot, a single band at the molecular weight level
of PV (~12 kDa) was detected by the antibody in brain extracts
form wild-type (WT) animals while no signal was detected in
extracts from PV-KO mice (Filice et al., 2017). In immunofluores-
cent studies, the antibody labels subpopulations of neurons with
high efficacy in WT animals, but does not stain any neurons in the

brain of knockout mice.

The mouse monoclonal PV antibody is one of the most widely
used PV antisera in studies of the central nervous system. The
immunogen used to generate the antibody was carp-Il PV. The
specificity of this antibody has been well documented (Celio
etal., 1988).

248 | Anti-PAX2

The antibody was raised from a GST-Pax2 fusion protein derived from
the C-terminal domain (aa 188-385) of the murine Pax2 protein
(Dressler & Doughlass, 1992). Western blot with mouse embryonic
kidney lysates revealed two bands: a major band at 46 kDa (Pax2b)
and a minor band at 48 kDa (Pax2a), representing two isoforms of
Pax2 from alternative splicing (Dressler & Doughlass, 1992). The spec-
ificity of the antibody has also been confirmed in immunohistochemi-

cal protocols (lkenaga et al., 2011; Kim et al., 2011).

2.5 | Confocal microscopy

Single and long series of 1 um thick optical sections were scanned
with an Olympus FV3000 confocal microscope from the immuno-
stained sections. Scanning was carried out using a 40x oil-immersion
lens (NA: 1.3). The confocal settings (laser power, confocal aperture,
and gain) were identical for all sections, and care was taken to ensure
that no pixels corresponding to puncta immunostained for the
markers were saturated. The scanned images were processed by
Adobe Photoshop CS5 software.

2.6 | Neurolucida reconstruction

The long series of scanned images were transferred to a Neurolucida
system (Neurolucida v.11.07, MicroBrightfied Bioscience, Williston,
VT, USA) with the aid of which the cell bodies and the dendritic trees
of tdTomato-labeled neurons were reconstructed from the image sta-
cks in three dimensions. For making illustrations from the reconstruc-
tions, we rotated the neurons into a rostro/caudal-dorso/ventral
orientation and made a two-dimensional compressed image from the

three-dimensional dendritic tree.

2.7 | Multiplex in situ hybridization

For multiplex fluorescent in situ hybridization (FISH), the manual
RNAScope® Multiplex Fluorescent Assay (ACD, Biotechne, catalog #
320850) was used. The manufacturer's pretreatment protocol for
fresh frozen tissue (document no. 320513, rev. date: November
5, 2015) and detection protocol (document no. 320293-UM, rev. date:
March 14, 2017) were followed. The following probes were used:
Slcéa5 (GlyT2) (ACD, Biotechne, Cat# 409741-C3), tdTomato (ACD,
Biotechne, Cat# 317041 and 317041-C2), the retinoic acid-related
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orphan nuclear receptor  (RORB) (ACD, Biotechne, Cat# 444271-C3),
and the receptor tyrosine kinase RET (ACD, Biotechne, Cat# 431791).
The reaction end-product of the tdTomato probes appeared in red,
whereas all others appeared in green. Sections were covered with
Vectashield mounting medium containing DAPI (Vector Laboratories.,
Burlingame, CA, USA). Sections were investigated with an LSM 800 con-
focal microscope and short series of 1.5-pm thick confocal sections with

50% overlap were photographed using a 25x lens (NA: .8).

2.8 | Statistical analysis

The colocalization of GlyT2::CreERT2-tdTomato labeling with the
expression of markers specific for cell bodies and/or axon terminals of
inhibitory neurons was quantitatively analyzed in the immunostained

sections.

2.8.1 | Expression of markers within the cell bodies
of GlyT2::CreERT2-tdTomato-labeled neurons

The colocalization of GlyT2::CreERT2-tdTomato labeling with the
expression of PAX2, nNOS, NPY, GAL, PV, caltretinin, GlyT2, RORB, and
RET was investigated this way. Cell bodies labeled with tdTomato and/or
immunostained for PAX2, nNOS, NPY, GAL, PV, CR, and/or giving posi-
tive hybridization signal for GlyT2, RORp, and RET were identified and
counted in laminae of the dorsal horn where the immunostaining for the
marker was observed. Percentage of tdTomato-labeled neurons, which
was also labeled for the marker, was calculated.

The colocalization for all investigated markers was analyzed in
three animals. Five sections from each animals were randomly
selected and the quantitative measurement was carried out within the
whole area which was immunostained for the marker. Thus, the calcu-
lation of quantitative figures in each case was based on the investiga-

tion of 15 independent sections.

2.8.2 | Expression of markers within the axon
terminals of GlyT2::CreERT2-tdTomato-labeled
neurons

The colocalization of the GlyT2::CreERT2-tdTomato labeling with
immunostaining for GlyT2 and GAD as well as the colocalization
between GlyT2 and GAD immunostaining were investigated. Because
of the limited penetration of the anti-GlyT2 and anti GAD65/67 anti-
bodies into the sections, first we found a confocal layer within which
the staining for both GlyT2 and GAD65/67 was strong. For this rea-
son, we obtained the confocal images in the very superficial layer of
the sections, not deeper than 2-3 pm from the surface. The immuno-
stained profiles were counted manually, according to the following
way: A 10 x 10 standard square grid in which the edge-length of the
unit square was 5 pm was placed onto the regions of confocal images

corresponding to laminae I-II of the superficial spinal dorsal horn. The
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proper placement of the grid was based on the following criteria:
(1) The border between the dorsal column and the dorsal horn was
easily identified on the basis of the intensity of immunostaining and
(2) The border between laminae Il and Il was approximated on the
basis of previous observations (McClung & Castro, 1978; McNeil
et al., 1988; Molander et al., 1984). It has been repeatedly demon-
strated in ultrastructural studies that there are almost no myelinated
axons in lamina Il, while they are abundant in lamina lll. Thus, the bor-
der between laminae Il and Il can be defined quite precisely in ultra-
structural studies, and the thickness of laminae I-1l can be measured.
For this reason, tdTomato labeling and immunoreactivities as well as
colocalizations were investigated in the most superficial 60-pm thick
zone of the dorsal horn that had earlier been identified as layers
corresponding to laminae I-1l in the L4-L5 segments of the mouse
spinal dorsal horn (Sengul et al., 2013).

Profiles that showed tdTomato labeling or immunoreactivity for
GlyT2 or GAD65/67 over the edges of all 5 pm unit squares were
counted. The selected profiles were then examined in two different
ways. (1) We determined whether (a) the tdTomato-labeled profiles
were also immunoreactive for GlyT2 and (b) the profiles double
labeled for tdTomato and GlyT2 were also immunoreactive for GAD.
(2) We examined the GAD65/67 immunostaining in GlyT2-positive
axon terminals, regardless whether they were labeled with tdTomato
or not. Because the GlyT2 antibody utilized in the present study was
raised against the intracellular domain of the transporter, in case of
colocalization, the GlyT2 immunolabeled puncta were expected to be
located within the confines of the area labeled with tdTomato. The
colocalizations were analyzed in three animals. Three sections from
each animals were randomly selected and the quantitative measure-
ment was carried out in a regions of interest (ROI) that was randomly
selected from each section. Thus, the calculation of quantitative fig-
ures in each case was based on the investigation of nine ROls. Mean

values and standard error of means (SEM) were calculated.

3 | RESULTS
3.1 | Distribution of GlyT2:CreERT2-tdTomato
labeling in laminae I-1V of the spinal dorsal horn

Investigating the dorsal horn at the level of the lumbar spinal seg-
ments of GlyT2:CreERT2-tdTomato mice, we found a robust labeling
in laminae 1-1V. tdTomato labeling was observed in cell bodies and
also in processes arising from the cell bodies (Figure 1a). Elongated
labeled profiles resembling dendrites and/or interbouton segments of
axons were also frequently seen (Figure 1a). The image, however, was
dominated by a diffuse punctate labeling, which appeared throughout
laminae I-1V (Figure 1a) with a more or less homogeneous density.
Although labeled cell bodies were seen only occasionally in lamina I,
and their numbers were only slightly higher in lamina | (Figure 1b,c),
the punctate labeling was very strong even in these two superficial
laminae of the dorsal horn (Figure 1a) suggesting that glycinergic neu-

rons of the deep dorsal horn had dendrites and/or axons extending to
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FIGURE 1 Distribution of GlyT2::CreERT2-tdTomato labeling in
the spinal dorsal horn. (a) Micrograph of a single confocal

section showing an abundant tdTomato labeling of cell bodies,
dendrites, and axonal profiles in the dorsal horn of L6 lumbar
segment. (b, c) Schematic representation of the distribution of labeled
cell bodies at the level of L4 and L5 segments in laminae |-V of the
spinal gray matter. Labeled cells were collected from an approximately
500-pm long pieces of the L4 and L5 spinal segments. The contour of
the spinal gray matter and the borders among the adjacent laminae
are illustrated according to Sengul et al. (2013). Bar: 100 um [Color
figure can be viewed at wileyonlinelibrary.com]

the superficial dorsal horn. Labeled neurons were found in much
higher numbers in lamina Ill, whereas they showed a remarkably high

density in lamina IV (Figure 1b,c).
3.2 | Pax2,GlyT2, and GAD expression in GlyT2::
CreERT2-tdTomato-labeled neuronal profiles

Although GlyT2:CreERT2 genetic construct was generated using the
same strategy previously used to generate GlyT2::Cre (Foster

et al., 2015) and GlyT2::eGFP (Zeilhofer et al., 2005), and the speci-
ficity of GlyT2::Cre and GlyT2::eGFP constructs was very carefully
tested (Foster et al., 2015; Zeilhofer et al., 2005), before any further
evaluation of the tdTomato labeling, we verified that tdTomato
expression in GlyT2::CreERT2;tdTomato double transgenic mice
was specific for glycinergic neurons. Thus first, we investigated the
expression of Pax2, a transcription factor frequently used as a reli-
able marker of inhibitory interneurons in the spinal cord (Alaynick
et al.,, 2011; Balazs et al., 2017), in perikarya of tdTomato-labeled
neurons (Figure 2a-c). In the nine investigated sections,
183 tdTomato-labeled cell bodies were found in laminae I-IV of
which 97.35 * 2.38% were stained also for Pax2. Thus, tdTomato-
labeled cells in the spinal dorsal horn can be regarded as inhibitory
neurons. Second, to define whether these inhibitory neurons were
indeed glycinergic, we performed multiplex FISH to detect mRNAs
coding tdTomato and GlyT2 (Figure 2d-e). All of the 152 tdTomato
mRNA-positive cells, which we found in laminae I-1V, showed also
positive hybridization signal for GlyT2 mRNA. This finding clearly
indicates that crossing the GlyT2::CreERT2 animals with the
tdTomato reporter mice resulted in tdTomato labeling that was
highly specific for glycinergic neurons.

Next, we investigated whether these inhibitory cells belong to
the group of glycinergic neurons that are also GABAergic (Mitchell
et al.,, 1993; Todd & Sullivan, 1990) or represent a glycine-only sub-
population of inhibitory neurons (Aubrey & Supplisson, 2018; Foster
et al, 2015; Lu et al., 2015; Takazawa et al., 2017). For this reason,
we double immunostained sections obtained from the GlyT2::Cre-
tdTomato animals with anti-GlyT2 and anti-GAD65/67 antibodies
and investigated the colocalization between tdTomato labeling and
GlyT2 as well as GAD65/67 immunostaining in 1-pum thick single con-
focal optical sections (Figure 3). Because of the high densities of
tdTomato-labeled cell bodies and dendrites in laminae lI-1V, we car-
ried out this study only in laminae I-1l where the relative proportion
of tdTomato-labeled axon terminals was much higher than that of
dendrites. In the nine ROIs, we counted 105 tdTomato-labeled pun-
cta, 62.12 + 3.94% of which were immunostained for GlyT2 (Table 2).
Investigating the GAD65/67 expression in those tdTomato-labeled
profiles that were immunostained for GlyT2, we found that 45.49
+ 3.84% of GlyT2-positive puncta were also immunostained for
GAD65/67 (Table 2). However, GAD65/67 was virtually absent in the
GlyT2-negative tdTomato-labeled profiles. Only four (3.80%) of them
were immunostained for GAD. Thus, tdTomato-positive but GlyT2-
and GAD-negative profiles may represent dendrites and/or inter-
bouton segments of axons.

To validate the existence of glycine-only axon terminals in lami-
GAD65/67
GlyT2-positive axon terminals regardless whether they were labeled

nae I-ll, we examined the immunostaining in
with tdTomato or not. This way, we counted 123 axon terminals
immunostained for GlyT2 and found that only 46.02 + 4.22% of them
was stained also for GAD65/67 (Table 2).

The findings indicate that the tdTomato-labeled neurons in the
superficial spinal dorsal horn of the GlyT2::CreERT2-tdTomato ani-

mals are glycinergic inhibitory neurons. Many of their axon terminals
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FIGURE 2 Expression of Pax2 and GlyT2
in a GlyT2::CreERT2-tdTomato-labeled
neuron. (a-c) Micrograph of a single 1-um
thick confocal section obtained from a GlyT2::
CreERT2-tdTomato mouse and
immunostained for Pax2. The mixed color in
the merged image (c) indicates the
colocalization of tdTomato labeling

(a; magenta) and immunostaining for Pax2

(b; green). (d, e) Micrograph of a 3-um thick
confocal section obtained from a GlyT2::
CreERT2-tdTomato mouse and hybridized for
tdTomato and GlyT2 mRNAs. The mixed color
in the merged image (f) indicates the
colocalization of tdTomato mRNA (d;
magenta) and GlyT2 mRNA (e; green). Arrows
on images d and e point to neurons in which
tdTomato and GlyT2 mRNAs colocalize. Bars:
10 pm (a-c), 20 um (d-f) [Color figure can be
viewed at wileyonlinelibrary.com]

tdTomato

tdTomato

FIGURE 3 Localization of GlyT2 and GAD in GlyT2::CreERT2-tdTomato-labeled axon terminals in laminae I-1l. Micrograph of a single 1-um
thick confocal section from a GlyT2::CreERT2-tdTomato mouse, which was double-immunostained for GlyT2 and GAD65/67. Large numbers of
tdTomato-labeled profiles (b, magenta) show positive immunostaining for GlyT2 (a, green), and some of the tdTomato GlyT2 double-labeled
puncta are also immunoreactive for GAD65/67 (c, blue). Yellow arrows point to profiles that are tdTomato labeled and immunostained for GlyT2
but negative for GAD (a-d). White arrows point to profiles that are tdTomato labeled and immunostained for both GlyT2 and GAD65/67 (a-d).
Bar: 10 um [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Numbers of transgenically labeled (tdTomato+) and single- (GlyT2+) as well as double-immunostained (GlyT2+ and GAD+) profiles

in laminae -1l of the spinal dorsal horn

1 2 3 4 5 6 7 8
tdTomato-+ tdTomato+ GlyT2+
tdTomato+  GlyT2+ 2/1% GlyT2+GAD+ 4/2% GlyT2+  GAD+ 7/6%
Animal 1 Section 1 17 13 76.47 6 46.15 18 10 55.55
Section 2 20 15 75.0 6 40.0 18 7 38.88
Section 3 15 10 66.66 5 50.0 15 6 40.0
Animal 2 Section 1 11 6 54.54 4 66.66 13 8 61.53
Section 2 9 6 66.66 2 33.33 10 4 40.0
Section 3 10 5 50.0 2 40.0 18 7 38.88
Animal 3 Section 1 9 5 55.55 2 40.0 11 3 27.27
Section 2 7 5 71.42 8 60.0 11 5 45.45
Section 3 7 3 42.85 1 33.33 9 6 66.66
Total 105 68 6212 +394 31 4549 +3.84 123 56 46.02 + 4.22

Note: Columns 1, 2, and 4 represent the numbers when the immunostaining was observed in the tdTomato-labeled profiles. Column 3 shows the
proportions of tdTomato+ profiles, which were also stained for GlyT2. Column 5 shows the proportions of tdTomato+GlyT2+ profiles, which were also
stained for GAD. Columns 6 and 7 show the numbers when all GlyT2 immunostained profiles were counted, regardless, whether they were within or out
of the confines of transgenically labeled profiles. Column 8 shows the proportion GlyT2+ profiles, which were also stained for GAD. The percentages in
the row of “Total” represent mean values and standard error of means (SEM) calculated from the nine individual percentage values.

express only glycine but there are others that contain and may release
both glycine and GABA.

3.3 | Morphology of GlyT2::CreERT2-tdTomato-
labeled neurons

After confirming that tdTomato labels glycinergic neurons in our
transgenic animals, we focused on the dendritic morphology of these
neurons in laminae |-IV.

We cut transverse (X-Y plane), horizontal (X-Z plane) and sagittal
(Z-Y plane) sections from the lumbar spinal cord (Figure 4). In transverse
sections, we could not identify larger segments of dendritic trees of
labeled neurons (Figure 4a). In horizontal sections, it became apparent
that the dendrites of many tdTomato-labeled neurons show a promi-
nent rostro-caudal orientation (Figure 4c). In addition, it turned out that
although the rostro-caudal extension of the dendritic trees of these
neurons was sometimes several hundred micrometer long, the medio-
lateral extension of them was remarkably narrow. We have never found
the medio-lateral extension of the dendritic trees wider than 50-
100 pm (Figure 4c). The dendritic trees could be visualized in their larg-
est extent in sagittal sections. In these sections, the rostro-caudal orien-
tation of the dendritic trees appeared as nicely as in the horizontal
sections, but we could also reveal that, while the dendrites were run-
ning in the rostro-caudal directions, many of them took oblique courses
and extended also into the dorsal or ventral directions (Figure 4b,d).
Because the dendritic arbors of the tdTomato-labeled neurons could be
studied most extensively in these sections, for the investigation of the
dendritic morphology of tdTomato-labeled neurons, we cut 100-pm

thick sagittal sections and studied the morphology of the dendritic

arbors of the labeled neurons in stacks of long series of confocal sec-
tions. In most of the cases, we were able to image and study the labeled
neurons in the full 100 pm thickness of the sections. Unfortunately, the
intensity of the tdTomato labeling decreased rapidly along the den-
drites. Thus, it is likely that we were able to visualize only the proximal
part of the dendritic trees and could not study dendrites extending fur-
ther away from the cell body. In addition, although tdTomato-labeled
puncta, most of which could represent axonal swellings, were densely
scattered all over the investigated laminae, we were not able to identify
and follow the arborization of the axons of the labeled cells. We tried to
overcome this problem and intensify the tdTomato labeling with anti-
tdTomato immunostaining. Although the anti-tdTomato immuno-
staining increased the intensity of the tdTomato signal and revealed
axonal and dendritic segments within which the original tdTomato label-
ing was hardly visible, the antibody penetrated the sections not deeper
than 10 pm. Thus, we were not able to take advantage of the immuno-
staining amplification of the tdTomato signal in the deep, approximately
80-pm thick layer of our 100-um thick sections, where we collected

most of our labeled neurons from.

3.3.1 | Laminael-ll

According to the shape and size of the cell bodies and dendritic mor-
phologies, we classified tdTomato-labeled neurons in laminae I-Il into
three categories.

Type 1
Some cells presented small fusiform cell bodies, the short axis of

which was not longer than 10 um (Figures 5a,b and éa). The long axis
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FIGURE 4 Orientation of the dendritic trees of GlyT2::CreERT2-tdTomato-labeled neurons. Micrographs showing the cell bodies, dendrites, and
axons of GlyT2::CreERT2-tdTomato-labeled neurons in transverse (a), horizontal (c), and sagittal (b, d) sections of the spinal dorsal horn. The image of a
horizontal section shown in ¢ was taken approximately at the border between laminae Ill and V. The upper edge of the images shown in b and d
corresponds to the border between the white (dorsal funiculus) and gray (dorsal horn) matters. Note the prominent rostro-caudal orientation of the
dendrites (b-d). Some of them also present a substantial dorso-ventral extension (b, d). Arrows point to cells with rostro-caudally oriented dendrites

(c) and to cells the dendrites of which extend also dorsally (b, d). (Bars: 100 um (a), 50 pm (b-d) [Color figure can be viewed at wileyonlinelibrary.com]

of the cell bodies was approximately twice as long as the short
axis and was extending rostro-caudally, more or less parallel to the
border between the gray and white matters. The dendrites arose from
the two ends of the cell bodies and extended into the opposite
rostro-caudal directions, forming a narrow, poorly arborizing dendritic
tree. We were able to follow the dendrites for a distance of
40-50 pm into the rostral as well as caudal directions, whereas the
dorso-ventral extension of the dendritic arbor was not wider than
20-30 pm (Figures 5a,b and 6a). In some cases, we also observed den-
drites arising from the ventral aspect of the cell body (Figure 5a), but
these dendrites also extended rostro-caudally, similarly to those aris-
ing from the ends of the fusiform cell body.

Type 2
Other cells presented larger, but also fusiform cell bodies. The cell

bodies were approximately twice as large as those of Type 1 cells

(Figures 5c and 6b). The sites of origin and the orientation of stem
dendrites were similar to that of the small fusiform cells. The rostro-
caudal extension of their dendrites was not longer, but the dorso-
ventral extension of the dendritic arbor was wider (40-50 um) than
that of the Type 1 neurons (Figures 5c and 6b).

Type 3

Labeled cells with multipolar cell bodies and three to four stem den-
drites were also observed in laminae | and llo (Figures 5d and éc).
The diameter of the cell bodies was approximately 20 pm. Some
dendrites arborized in the layer of the cell body, but most of them
turned ventrally immediately after their origin form the cell body,
and run obliquely for 30-40 pm distance into the ventral direction.
Unfortunately, the tdTomato labeling did not allow us to follow the
dendrites any longer, thus we cannot tell how far they extended

ventrally.
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FIGURE 5

Types 1-3 of GlyT2::CreERT2-tdTomato-labeled
neurons in laminae I-Il of the spinal dorsal horn. The cells are
illustrated in stacks of long series of confocal images (a: 55 optical
sections, b: 25 optical sections, c: 95 optical sections, d: 30 optical
sections) obtained from sagittal sections of the spinal cord.

Bar: 20 um [Color figure can be viewed at wileyonlinelibrary.com]

3.3.2 | Laminae lll-IV
On the basis of the shape of the cell bodies and the arborization pat-
tern of the dendritic trees, we classified the tdTomato-labeled neu-

rons in laminae IlI-1V into six categories.

Type 1

Most of the cells presented small fusiform cell bodies, the shape and
size of which were quite similar to those that we found also in laminae
I-11 (Figures 6d and 7a-d). Dendrites arose from the two poles of the
cell bodies and extended rostro-caudally for at least 150 pm into both
directions. The dorso-ventral extension of the dendritic tree was,
however, remarkably narrow. It was rarely wider than 15-20 pm. In

case of some cells, the dendrites showed a poor arborization pattern

(Figure 7a,b). Other cells, however, presented dense, richly arborizing

dendritic trees (Figure 7c,d).

Type 2

Some tdTomato-labeled cells presented 15-20 um large, multipolar
cell bodies with four to five stem dendrites (Figures 6e and 7f). All of
the dendrites showed rich arborization and the whole dendritic tree
extended rostro-caudally. The total rostro-caudal extension of the
dendritic arbor was a bit shorter (200-250 um), but the dorso-ventral
expansion was wider (40-50 pm) than that of Type 1 neurons
(Figures 6e and 7f).

Type 3

The size and shape of the cell bodies and the number of stem
dendrites of this type of multipolar neurons resembled Type
2 cells. The arborization pattern of their dendrites was, how-
ever, remarkably different (Figures 6g and 7e). Some of the
poorly arborizing dendrites extended rostro-caudally at the
level of the cell bodies, others turned ventrally and formed a
50-70-pm wide dendritic tree ventral to the cell bodies

(Figures 6g and 7e).

Type 4

We also observed tdTomato-labeled cells with 15-20 um large elon-
gated cell bodies. Typically, two dendrites arose from the two ends of
the cell bodies (Figures 6f and 8b), but we also found cells that gave
rise to one dendrite from one pole of the cell body but two to four
dendrites from the opposite pole (Figures 6f and 8a). The dendrites
presented oblique courses. While they were running into the rostral
or caudal directions, they also extended dorsally. Thus, the poorly
arborizing dendrites formed a dendritic arbor dorsal to the location of
the cell bodies. The dendrites were running 100-150 pum into the ros-
tral or caudal directions and extended 50-70 um within the dorso-

ventral dimension.

Type 5

A unique group of cells presented pyramidal-shaped cell bodies
with three dendrites; two of them arose from the base and
one from the dorsally oriented apex of the pyramid (Figures 6h
and 8c,d). The two basal dendrites showed a very poor arbori-
zation and extended into the rostral and caudal directions. The
20-30-pm long initial segment of the apical dendrite run dor-
sally, then divided into two branches. The secondary dendritic
branches changed their orientation, and while they presented
further branching they took oblique orientation. This way, they
approached gray matter areas located more dorsal to the cell
body, and at the same time widened the dendritic field also
rostro-caudally (Figures 6h and 8c,d).

Type 6
All neurons were put into this group, which did not fit to the others.
For this reason, we called this type of cells as unclassified neurons.

They showed certain morphological characteristics that resembled
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FIGURE 6 Types 1-3 and Types 1-
6 of GlyT2::CreERT2-tdTomato-labeled
neurons in laminae I-1l and IlI-1V,
respectively, of the spinal dorsal horn.
Neurolucida drawings showing dendritic
morphologies of different types of
glycinergic neurons reconstructed from
sagittal sections. (a) Type 1 neuron from
laminae I-1l, (b) Type 2 neuron from
laminae I-1l, (c) Type 3 neuron from
laminae I-1l, (d) Type 1 neuron from
laminae IlI-1V, (e) Type 2 neuron from
laminae IlI-1V, (f) Type 4 neuron from
laminae IlI-1V, (g) Type 3 neuron from
laminae IlI-1V, (h) Type 5 neuron from
laminae IlI-1V, (i) Type 6 neuron from
laminae IlI-IV. To estimate the laminar
position of the reconstructed neurons,
please identify them in Figures 5, 7, and
8 in the following way: a—Figure 5a,
b—Figure 5c, c—Figure 5d, d—Figure 7b,
e—Figure 7f, f—Figure 8c; g—Figure 7e,
h—Figure 8c; i-Figure 8f. Bar: 50 pm

fusiform and multipolar type of neurons, but according to their den-
dritic arborization patterns they were different from Types 1-5 neu-
rons, and they were different also from each other (Figures 6i and
8e,f).

3.4 | Neurochemical characterization of GlyT2::
CreERT2-tdTomato-labeled neurons

Inhibitory neurons in the superficial spinal dorsal horn have been
divided into five largely non-overlapping groups that had been identi-
fied by their immunoreactivity for GAL, NPY, nNOS, PV, and CR (for
review, see Boyle et al., 2017; Peirs et al.,, 2020). It has also been
reported that inhibitory neurons deeper in the dorsal horn may
express the receptor tyrosine kinase Ret (RET) (Cui et al., 2016) and
the nuclear orphan receptor RORf (Del Barrio et al., 2013). Unfortu-
nately, we were not able to find any specific and reliable antibodies
against RET and ROR. Thus, in this part of our study, we investigated
GAL, NPY, nNOS, PV, and CR immunoreactivity of GIlyT2:
CreERT2-tdTomato-labeled neurons, whereas RET and RORp were
detected with FISH in neurons expressing tdTomato mRNA. We did
not have the ambition to correlate the dendritic morphology and neu-
rochemical character of glycinergic neurons, thus we performed this
part of the experiments on transverse sections of the spinal cord.
GlyT2:
CreERT2-tdTomato-labeled neurons within the entire medio-lateral

This approach gave us an opportunity to reveal

THE JOURNAL OF COMPARATIVE NEUROLOGY

extension of the spinal dorsal horn that resulted in the collection of

lager experimental samples.

3.4.1 | Galanin and calretinin

We obtained strong cellular immunostaining for both GAL and CR in a
similar laminar distribution reported earlier (Ren et al., 1993; Zhang
et al,, 1995). We counted 49 and 45 tdTomato-labeled cells in the
areas immunostained for GAL and CR, respectively. However, we
have not observed any tdTomato-labeled neurons, which were posi-

tive for these two neuronal markers.

342 | NPY

We have tested a number of anti-NPY antibodies from different ven-
dors. Almost all of them stained NPY-containing axonal boutons
heavily in laminae I-1l, but none of them revealed immunostained cell
bodies, although it was reported earlier (Rowan et al., 1993; Sasek &
Elde, 1985). Thus, instead of studying the colocalization of NPY and
tdTomato in cell bodies, we were looking for NPY immunostaining in
tdTomato-labeled axon terminals. We found double-stained axon ter-
minals only occasionally and in a remarkably low numbers (Figure 9¢,g,j).
Thus, our results suggest that NPY-containing cells may represent a

very low proportion of glycinergic neurons.
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FIGURE 7 Types 1-3 of GlyT2::CreERT2-tdTomato-labeled neurons in laminae IlI-1V of the spinal dorsal horn. The cells are illustrated in
stacks of long series of confocal images (a: 95 optical sections, b: 40 optical sections, c: 65 optical sections, d: 45 optical sections, e: 70 optical
sections, f: 65 optical sections) obtained from sagittal sections of the spinal cord. Arrows point to cells of interest. Bar: 50 pm [Color figure can be

viewed at wileyonlinelibrary.com]

nNOS

343 |

Cell bodies were strongly immunostained for nNOS both in laminae
I-11 and lI-1V as reported earlier (Saito et al., 1994), and some of the
nNOS immunostained neurons were also labeled with tdTomato. In
laminae I-1l, we counted 46 tdTomato-labeled cells from which
13 (28,2%) were positive also for nNOS (Figure 9a,d,g). In laminae
-1V, 231 tdTomato-labeled neurons were found and 15 (6.5%) of
them were also stained for nNOS.

344 | PV

Confirming previous results, the immunostaining for PV was very strong
in the dorsal horn (Antal et al, 1990; Hughes et al., 2012; Yoshida
et al,, 1990). In the PV immunoreactive zone, which corresponded primar-
ily to laminae lli-1ll, but extended also into lamia IV, 367 tdTomato-
labeled neurons were recovered of which 150 (40.8%) were positive for
PV (Figure 9b,e,h). From the 367 neurons, 13 were found within the most

superficial 60-pm thick zone of the dorsal gray matter; in the zone that
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FIGURE 8 Types 4-6 of GlyT2::
CreERT2-tdTomato-labeled neurons in
laminae IlI-1V of the spinal dorsal horn.
The cells are illustrated in stacks of long
series of confocal images (a: 90 optical
sections, b: 30 optical sections,

c: 90 optical sections, d: 55 optical
sections, e: 45 optical sections,

f: 100 optical sections) obtained from
sagittal sections of the spinal cord.
Arrows point to cells of interest. Bar:
50 pm [Color figure can be viewed at
wileyonlinelibrary.com]

/ |
e f e

had earlier been identified as a layer corresponding to laminae I-Il in the
L4-L5 segments of the mouse spinal dorsal horn (Sengul et al., 2013).
Thus, these neurons can likely be regarded as cells in lamina lli. From
these 13 tdTomato-labeled neurons, six (46.1%) were positive for PV.

345 | RET

As reported earlier (Cui et al., 2016), we found many neurons in laminae
-1V, which expressed RET mRNA, but only few such neurons were
present in laminae I-Il. In laminae I-1l, we counted 27 tdTomato-labeled
cells from which 15 (55.5%) were positive also for RET. In laminae -1V,
139 tdTomato-labeled neurons were found and 79 (56.8%) of them
showed also positive hybridization signal for RET (Figure 10 d-f).

346 | RORp

We obtained a much weaker hybridization signal for RORf than for
RET. Although the numbers of the RORp-positive cells were much
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lower than that of RET-positive ones, their distribution was similar.

Most of the RORB-positive cells were found in laminae IlI-1V, but they
were only sparsely distributed in laminae |-, as it was reported earlier
(Koch et al., 2017). We recovered 21 and 104 tdTomato-positive cells
in laminae I-Il and llI-1V, from which 5 (23.8%) and 13 (12.5%) were
positive also for ROR, respectively (Figure 10a-c).

4 | DISCUSSION
4.1 | Specificity of the transgenic labeling of
glycinergic neurons

A long line of autoradiographic, immunohistochemical, and genetic
studies unequivocally confirmed that GlyT2 is exclusively expressed
by glycinergic neurons and its localization is restricted to the glycine-
enriched axon terminals (Luque et al., 1995; Spike et al, 1997,
Poyatos 1997). This unique distribution pattern has made GlyT2 a reli-
able marker for glycinergic neurons. The genetic construct of the

mouse line, used in this study, expressing CreERT2 recombinase
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tdTomato

FIGURE 9

tdTomato tdTomato

Expression of nNOS, PV, and NPY in GlyT2::CreERT2-tdTomato-labeled perikarya and axon terminal. Micrographs of a single

1-um thick confocal section obtained from a GlyT2::Cre-tdTomato mouse and immunostained for nNOS (a, d, g), PV (b, e, h), and NPY (c, f, i). The
mixed colors in the merged images (g, h, i) indicate the colocalization of tdTomato labeling (a, b, c; magenta) and positive immunostaining for
nNOS (d; green), PV (e; green), and NPY (f; green). Bar: 5 pm (g, h) and 2 pm (i) [Color figure can be viewed at wileyonlinelibrary.com]

under the control of the GlyT2 gene (GlyT2::CreERT2) was generated
using the same strategy previously used to generate GlyT2::Cre
(Foster et al., 2015) and GlyT2::eGFP (Zeilhofer et al., 2005) animals.
We crossed the GlyT2::CreERT2 animals with a tdTomato reporter
line and induced tdTomato expression with intraperitoneal tamoxifen
injection in the neonatal animals. The tamoxifen induction of
tdTomato expression in GlyT2::CreERT2-tdTomato animals turned

out to be highly specific and did not seem to be affected by transient
developmental Cre expression, which was observed in case of the
GlyT2::Cre-tdTomato reporter mice (Foster et al., 2015). In adult ani-
mals, virtually all, 97.35+ 2.38% of the tdTomato-labeled cells,
showed positive immunostaining for Pax2, and all of them expressed
GlyT2 mRNA in the spinal dorsal horn, indicating that the tdTomato-
labeled neurons were glycinergic inhibitory neurons. We have to add,
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FIGURE 10
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Expression of RORpB and RET mRNAs in GlyT2::CreERT2-tdTomato-labeled neurons. Micrographs of 3-um thick confocal

sections in which tdTomato (a,d), RORB (b), and RET (e) mRNAs were detected with multiple fluorescent in situ hybridization. The mixed colors in
the merged images (c, f) indicate the colocalization of tdTomato mRNA (a,d; magenta) and RORB mRNA (b; green) as well as RET mRNA (e; green).
Arrows point to neurons in which tdTomato and RORB mRNAs (a-c) and tdTomato and RET mRNAs (d, e) colocalize. Arrowheads mark a neuron,
which shows a strong hybridization signal for tdTomato and a weak one for RET. Scale bars: 20 um [Color figure can be viewed at

wileyonlinelibrary.com]

however, that with this technology we visualized only a proportion of
glycinergic neurons. The number of labeled neurons depended on the
age of the mice at which tamoxifen was injected. Early injections
(at postnatal Days 4-5; P4-P5) resulted in high mortality, late injec-
tions (P11-P12) resulted in a moderate tdTomato expression. When
injections were made on P8-P10, all injected mice survived and the
resulting tdTomato labeling was satisfactorily extensive. Thus, our
approach appears to be well suited for qualitative analysis of
glycinergic neurons, while quantitative analyses need to be inter-

preted with caution.

4.2 | Glycine-only axon terminals exist in the
spinal dorsal horn

It is well established that both GABA and glycine contribute to fast inhibi-
tory transmission in the spinal dorsal horn. There are, however, con-
tradictory results about the relative contribution of GABA- and
glycine-mediated inhibition to neural events underlying spinal sen-
sory information processing. According to some earlier studies, inhi-
bition is primarily carried out by GABA in the superficial spinal
dorsal horn, and glycine acts only as a co-transmitter in some
GABAergic synapses (Todd, 1996; Todd et al., 1996). It had been
shown that glycine is enriched in a proportion of GABAergic neu-
rons, but glycine without GABA was virtually not detected in cell
bodies or axon terminals in laminae |-l (Todd & Sullivan, 1990;
Mitchell et al., 1993; Taal & Holstege, 1994; Todd et al., 1995,
1996; Popratiloff et al., 1996; Polgar et al., 2013). In contrast to this,

others claimed that in addition to mixed GABA-glycine synaptic cur-
rents, inhibitory synaptic transmission in laminae I-Ill can be medi-
ated also by GABA-only and glycine-only (Chery & de Koninck, 1999;
Foster et al., 2015; Keller et al., 2001; Lu et al., 2015; Lu & Perl, 2003,
2005; Zheng et al., 2010) synaptic events in a way that neurons in lami-
nae |-llo receive predominantly GABAergic inputs, whereas inhibitory
synaptic transmission in deeper laminae (lll-IV) is dominated by
glycinergic inhibition (Inquimbert et al, 2007; Takazawa et al., 2017,
Takazawa & McDermott, 2010; Zeilhofer et al., 2018). To find an explana-
tion for these contradictory observations, there is a vivid debate whether
the GABA-only and glycine-only nature of synapses can be defined by
pre- and/or postsynaptic mechanisms (Dugué et al., 2005; Husson
et al, 2014; Muller et al., 2008). Our results substantially contribute to
this debate and indicate that there are glycinergic neurons in the spinal
dorsal horn that are not GABAergic, and the glycine-only nature of synap-
ses is determined by presynaptic mechanisms. We found GAD65/67
immunostaining in only less than half of the tdTomato-labeled and
GlyT2-IR axonal varicosities in laminae I-ll, which indicates that there
might be glycine-only inhibitory synapses in laminae I-Il in a substantial
number. Although our data clearly indicate the existence of glycine-only
axon terminals in laminae I-Il, one should take our quantitative date with
necessary caution. The intensity of immunostaining for GAD65/67 in
individual axon terminals varied in a wide range. There were axon termi-
nals in which the intensity of the immunostaining signal for
GAD65/67 was so weak that could hardly be recognized. In addi-
tion, it is also possible that GAD65/67 was present in such a low
quantity in some axon terminals that it could not be detected with

immunohistochemical methods. Thus, the actual proportions of
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glycine-only axon terminals in laminae I-1l can be somewhat lower
than our measured values.

Because the number of tdTomato-labeled neurons was very limited
in laminae I-1l, it is also likely that most of these glycine-only synapses in
laminae |-l are formed by axon terminals of glycinergic neurons the cell
bodies of which are located in lamina Ill and partly in lamina IV. This
notion is supported by early Golgi impregnation studies, which revealed
neurons with cell bodies in lamina Ill and axons arborizing in lamina Il
(Beal et al., 1988; Maxwell et al., 1983; Réthelyi & Szentagothai, 1969).
Based on their ultrastructural and degeneration studies, Réthelyi and
Szentagothai (1969) suggested that the cells that they localized at the
border of laminae IlI-IV and followed their axons into lamina Il are inhibi-
tory neurons. In the light of recent observations, one may speculate that
these types of lamina Il inhibitory neurons can be excited by Ap primary
afferents and project their axons to excitatory neurons in lamina ll, includ-
ing PKCy- and CR-positive neurons, that are parts of neural circuits con-
ducting AB primary afferent inputs to nociceptive projection neurons in
lamina | (Lu et al, 2015; Peirs et al, 2021). Thus, some lamina Il
glycinergic neurons with axons in lamina Il may play a major role in the
development of allodynia (Foster et al, 2015; Lu et al, 2015; Peirs
et al., 2021; Petitjean et al., 2015).

4.3 | Morphology of glycinergic neurons in laminae
I-1V of the spinal dorsal horn

43.1 | Laminael-ll

In their early Golgi impregnation and correlative morpho-functional
studies, Lima and Coimbra (1986) and Grudt and Perl (2002) pres-
ented a detailed description of neurons in lamina | and lamina II,
respectively. They provided such a detailed and precise description
about the morphology of these neurons that their classification pro-
posals, especially the one of Grudt and Perl (2002) is still valid nowa-
days. The morphology of the tdTomato-labeled neurons that we
recovered in this study also fit to these classification schemes. Our
Type | and Type Il cells resemble the fusiform cells of Lima and Coim-
bra (1986) and the islet and/or central cells of Grudt and Perl (2002).
The Type 3 population of the tdTomato-labeled cells look very similar
to the multipolar neurons of Lima and Coimbra (1986) and the vertical
cells of Grudt and Perl (2002). Thus, according to the classification of
Grudt and Perl (2002) glycinergic neurons recovered in the present
study seem to be members of the islet, central, and vertical cell
populations in laminae I-Il. This notion is strongly reinforced by the
results of Maxwell et al. (2007) and Yasaka et al. (2010) who reported
that all islet cells and a proportion of central and vertical cells are

inhibitory neurons.

43.2 | Laminae llI-IV

The morphology of neurons in the deep dorsal horn is much more het-

erogeneous than in laminae I-1l. Abraira et al. (2017) described

11 subtypes of interneurons (seven excitatory and four inhibitory)
exhibiting unique morphological, physiological, and synaptic proper-
ties in the low threshold mechano-receptive zone of the dorsal horn.
There is a general agreement that neurons showing very similar mor-
phologies to those described by Grudt and Perl (2002) in laminae -1l
can also be found in deeper laminae (Cui et al, 2016; Hughes
et al.,, 2012; Koch et al., 2017), and they are among the 11 types of
neurons of Abraira et al. (2017). Our present findings are in good
agreement with these previous observations and notions. Our Type
1 neurons that represent most of the tdTomato-labeled cells that we
found in laminae IlI-1V show the characteristic morphological features
of islet cells (Grudt & Perl, 2002). The dendritic arborization of our
Type 2 neurons is easily comparable with that of central cells (Grudt &
Perl, 2002). The similarities between the morphologies of our Type
3 and Type 4 populations of neurons and of those classified as vertical
cells are also obvious (Grudt and Perl, 2002). The resemblance
between our Type 3 and Type 4 neurons and subpopulations of verti-
cal neurons that were described as stalked and inverted stalked cells,
respectively, in the classical Golgi impregnation studies of
Gobel (1978) is even more striking. Neurons with pyramidal cell bod-
ies (Type 5 cells in the present report) are not included in the classifi-
cation of Grudt and Perl (2002), and not even mentioned in other
recent publications. However, in an early Golgi impregnation study,
Réthelyi and Szentagothai (1969) described pyramidal shaped neurons
with cell bodies located at the border between laminae Il and IV and
axons projecting into lamina Il. Although nobody confirmed the exis-
tence of neurons like this up till now, our present findings validate the
original observation of Réthelyi and Szentagothai (1969). In accor-
dance to the general notion that the morphology of neurons is very
heterogeneous in the deep dorsal horn, we encountered a few
tdTomato-labeled neurons, the dendritic arborization of which did not
fit to any earlier defined cell categories and they differed even from
each other (Type 6 neurons in the present article).

It is interesting to note that using a completely different experi-
mental approach, based on the combinatorial expression of various
transcription factors, Del Barrio et al. (2013) also distinguished five
molecularly distinct populations of inhibitory neurons in laminae
I-1V. It will be exciting to examine the correlation between inhibitory

neurons defined in their study and ours.

44 | Neurochemical makers of glycinergic neurons
in laminae I-1V of the spinal dorsal horn

441 | Laminael-ll

General consensus exists that inhibitory interneurons in laminae I-II-
can be divided into five populations; each of them expressing one of
the following markers: GAL, NPY, nNOS, PV, and CR (Boyle
et al., 2017). It should be noted, however, that this classification was
made based on the assumption that virtually all inhibitory neurons

were GABAergic in laminae |-Il. Thus, the expression of the five

markers was investigated in neurons that were identified as
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GABAergic (Duan et al., 2014; Polgar et al., 2013; Sardella et al., 2011,
b; Tiong et al., 2011).

Our present results, on one hand, partly confirm this idea and
suggest that some of the nNOS- and PV-containing GABAergic neu-
rons in laminae -1l and lamina lli, respectively, also express glycine.
However, we did not find any GAL and CR, and only minimal, if any,
NPY expression in the tdTomato-labeled glycinergic neurons. Thus,
we conclude that glycine colocalizes with GABA in some nNOS- and
PV-positive GABAergic neurons, but the GAL, CR, and most of the
NPY expressing inhibitory neurons are likely to be GABA-only cells.

On the other hand, we did not find nNOS and PV staining in more
than two-thirds and about one-fourth of the tdTomato-labeled
glycinergic neurons in laminae I-llo, and lamina lli, respectively. First
in the literature, this observation clearly suggests that glycinergic neu-
rons cannot be regarded simply as a subpopulation of GABAergic
neurons in laminae I-Il. Although they are present in low numbers, at
least two-thirds and one-fourth of glycinergic cells in laminae I-llo
and lamina lli, respectively, are glycine-only neurons, which do not
express the markers that were used for the identification of
GABAergic cells. Our data also indicate, most, if not all, of these

glycine-only neurons express RORp and/or RET.

442 | Laminae llI-IV

There is general agreement that inhibitory interneurons in laminae
-1V are much more heterogeneous than those in laminae I-Il.
Although it has been shown that PV and nNOS are also expressed by
some inhibitory neurons in laminae Il and IV (Tiong et al., 2011;
Polgar et al. 2013), these laminae contain much larger populations of
inhibitory neurons expressing RET (Cui et al., 2016) and RORp (Koch
et al., 2017). In addition, there are many other inhibitory neurons that
cannot be identified by one single neurochemical marker, but only by
clustering of various factors obtained by single-cell transcriptomic
analysis (Haring et al, 2018; Sathyamurthy et al, 2018; Zeisel
etal, 2018).

Our present results are consistent with earlier studies on the neu-
rochemical characterization of glycinergic neurons in laminae IllI-IV.
An important new finding of the present work is that in laminae IlI-IV
approximately 56, 40, 12, and 6% of the tdTomato-labeled glycinergic
neurons were RET, PV, RORB, and nNOS positive, respectively. Thus,
although the degree of colocalization of PV, RORB, and RET is
unknown, our data indicate that most of the glycinergic neurons co-
express PV, RORB, or RET. Some of them also express nNOS, and it is
also possible that there are other smaller neurochemical populations

that are still awaiting proper neurochemical identification.
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