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1. Introduction

According to the definition of the International Association for the Study of Pain, nociceptive
pain arises from actual or threatened damage to non-neural tissue and is due to the activation
of nociceptors. The term is used to describe pain occurring with a normally functioning
somatosensory nervous system to contrast with the abnormal function seen in neuropathic pain.

The term pain is going to be used in this thesis according to this definition.

As the definition defines, damages to non-neuronal tissue as a set of stimuli act on membrane
receptors of axon terminals of nociceptors, representing peripheral axon terminals of C and Ad
primary sensory fibres with cell bodies in the dorsal root ganglia. The activation of the
membrane receptors results in membrane depolarization which is converted into action
potentials at the first node of Ranvier along the axons. The action potentials will be conducted
to the nocireceptive zone of the spinal dorsal horn. In the dorsal horn, spinal neurons will be
activated, the nerve impulses will be processed by neuronal circuits, then the nerve signals will
be transmitted to various brainstem and diencephalic nuclei by projection neurons. The
brainstem and diencephalic nuclei forward the nerve activities to several cortical areas where

a complex sensation called pain will be generated.

As described in the previous paragraph, the first relay station of pain processing is the spinal
dorsal horn, which presents a complex neural apparatus that can attenuate, or even block, the
incoming nociceptive signals, or enhance and forward them to higher brain centers. Thus,
although spinal cord neural circuits cannot generate pain sensation, they play essential roles in
pain modulation. For this reason, the investigation of spinal neural circuits underlying

nociceptive/pain processing is in the forefront of pain research.

Fast inhibitory neurotransmission mediated by GABA and/or glycine plays essential roles in
shaping up all functional states of nociceptive/pain processing neural circuits of the spinal
dorsal horn. The relative contribution of GABA and glycine to the inhibitory events is,
however, under continuous debate. Recent physiological and pharmacological observations
indicate that although GABAergic transmission is very important, glycine seems to be the
neurotransmitter which mediates most of the fast inhibitory neurotransmission in the spinal
nociceptive/pain processing neuronal circuits. Results of morphological studies, however,
strongly emphasize the primary importance of GABA-mediated inhibition over glycine-
mediated inhibition. One of the main reasons of this contradiction is that our knowledge about

the morphology of glycinergic neurons, and about the way how they contribute to the formation
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of nociceptive/pain processing neuronal circuits in the spinal dorsal horn is very limited. To
fill up this gap in our knowledge, we intended to explore the morphology, neurochemical
characteristics, and synaptic relations of glycinergic neurons in Rexed laminae I-1V of the

spinal dorsal horn.
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2. Theoretical Background

2.1. The somatosensory system

Sensory information processed by the nervous system arises from stimulation of receptors
located on the external surface of or within the body. Concerning the specific types of stimuli
and specific types of receptors detecting the stimuli with high sensitivity, different sensory
modalities can be clearly distinguished (Pleger and Villringer, 2013). One of them is the
somatosensory system which serves three major functions: proprioception, exteroception and
interoception. All of them are essential for the maintenance of the homeostasis of the body,
enabling us to have conscious awareness of posture and movements (proprioception); to have
the sense of touch, temperature and pain evoked by external stimuli (exteroception); to monitor
body functions by the activation of internal chemo-, thermal- and mechanoreceptors
(interoception) (Di Lernia et al., 2016).

2.1.1. Primary sensory neurons

The somatosensory information is conducted from the peripheral receptors to the spinal cord
and brainstem by primary sensory neurons the cell bodies of which are in the spinal dorsal root
ganglia (DRG) and sensory ganglia of cranial nerves (Matthews and Cuello, 1982; Krames,
2015). Because our work described in this thesis is focused exclusively on spinal cord
mechanisms, in the following sections we are going to limit our overview to somatosensory

signals conducted to the spinal cord.

DRG neurons present a pseudo-unipolar morphology, with a peripheral axon terminating in
various parts of the body (e.g., skin, muscles, internal organs) and a central axon terminating
in the spinal cord or brainstem (Abraira and Ginty, 2013). In addition to this common feature,
DRG neurons show also distinct features. For example, according to size, they are divided into
small and large categories. The size of the cell bodies is also reflected into the myelination,

diameter, and conduction velocities of their axons (Todd and Koerber, 2013).
2.1.1.1.  Peripheral axons of DGR neurons

The peripheral axons of DRG neurons can be unmyelinated (C fibres; peripheral axons of the
small DRG neurons, Figure 1C) and myelinated (A fibres, peripheral axons of the large DRG
neurons, Figure 1A, C). The thickness of the myelin sheath around the A fibres also vary from
very thin (AJ, Figure 1A), to very thick (Aa) through an intermediate category (A, Figure 1C)
(Djouhri and Lawson, 2004).

12



The degree of myelination, more exactly the distances between adjacent nodes of Ranvier,
defines the conduction velocity of the axons. The unmyelinated C-fibres conduct nerve signals
slowly (0.4-2.0 m/s), whereas the conduction velocity of Aa-fibres with the thickest myelin
sheath goes up to 120 m/s (Todd and Koerber, 2013). This is a remarkable difference among
the axons of DRG neurons, and it becomes even more important when we note that the

terminals of the different categories of axons detect different types of stimuli.

=\
( O/]
N
A
(o)
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C

Figure 1: lllustration of (A) Ad thinly myelinated DRG axons (myelin in light green), (B) C unmyelinated DRG
axons, and (C) thick myelinated AB DRG axons (modified from Hill and Bautista, 2020).

Sensory receptors are expressed in the terminals of the peripheral axons of DRG neurons. Apart
from the unique structure of muscle spindles, the peripheral axon terminals can be classified
into two main categories according to their morphology: encapsulated nerve endings and free

nerve terminals (Willis, 2007).
21111 Encapsulated nerve endings

In encapsulated nerve endings the peripheral axons of DRG neurons terminate in a non-
neuronal capsule the morphology of which is highly variable. They are sensitive to low
intensity stimulation and represent terminals of Aa and AP fibres (Johnson, 2001). Most of
them are out of the focus of this thesis. There is only one group of these endings that we would
like to mention here, namely the mechanosensitive nerve endings of A fibres (Figure 2B).
These nerve endings are in the skin and skeletal muscles, most of them are classified as
Meissner and Merkel corpuscles, Pacinian bodies, or hair-guard receptors and sensitive to light
touch or stretch (Lewin and Moshourab, 2004; Roudaut et al., 2012).

13



21.1.1.2. Free nerve terminals

Terminals of C and Ad peripheral axons are not surrounded by non-neuronal capsules, they
freely arborise in peripheral tissues (Figure 2A). They are activated only by high intensity,
tissue damaging, noxious stimuli, for this reason, they are also regarded as nociceptors that
detect intense mechanical, thermal (cold or heat) and chemical stimuli (Comitato and Bardoni,
2021).

< q‘ Free nerve endings (10 Layers of connective
Vet il tissue
Enclosed nerve < WNE2)/
ending i

-'-;I:\ |

t— Unmyelinated
axon

Myelinated axon

1< — Cell body
’ Cell body

A B

Figure 2: lllustration of (A) unmyelinated DRG axon with free nerve endings, and (B) myelinated DRG axon with
encapsulated nerve endings (modified from Austin Community College District, accessed on June 5™ 2023
https://www.austincc.edu/apreview/PhysText/PNSafferentptl.html).

2.1.1.1.3. Sensory transduction. Conversion of stimuli to nerve signals

When mechanical, thermal, or chemical stimuli with an appropriate intensity hit the membrane
of the peripheral axon terminals of DRG neurons the stimulus will be converted into a
membrane depolarization (McHugh and McHugh, 2000). The molecular mechanism of this

conversion process depends on the nature of the stimulus.

Mechanical stimuli, like pressure or stretch cause deformation of specific membrane associated

proteins that result in the opening of stretch-sensitive Na* and Ca** ion channels (Ellis and
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Bennett, 2013). The increased Na™ and Ca™ conductance then depolarizes the membrane of

the axon terminal.

Thermal stimuli, like cold or warm activate transient receptor potential (TRP) ion channels.
There are several subtypes of TRP receptors that are different in chemical structure and can be
activated by different temperatures; some of them are sensitive for cold, others can detect only
extreme heat (Willis, 2007).

Chemical stimuli usually activate proton-gated ion channels. They are known as acid-sensing
ion channels (ASIC). There are at least five types of ASICs that are sensitive for different pH,
and like TRP channels they are also modulating the conductance of Na* and Ca** ion channels
(Wemmie et al., 2013). In case of peripheral inflammation, other chemical agents (molecules
of the so called “inflammatory soup”) also act at other chemoreceptors (Ellis and Bennett,

2013), but these additional mechanisms are out of the focus of the present dissertation.

Although the different stimuli can activate a wide range of membrane receptors, the activation
of all the receptors results in Na* and Ca*™" influx and the depolarization of the axon terminals
(Gu and Lee, 2010). If the depolarization is strong enough it can be conducted to the first node
of Ranvier along the axon, where it can generate action potential. Then the action potential will
be conducted along the peripheral and central processes of DRG neurons into the spinal dorsal

horn.

2.1.2. Course and site of termination of the central processes of DRG neurons in the

spinal cord

The course and termination fields of the central axons of DRG neurons in the spinal cord show

a unique segregated pattern.

Aa and A fibres enter the dorsal funiculus and divide into ascending and descending branches.
The ascending branch convey impulses directly into the gracile and cuneate nuclei in the caudal
part of the medulla oblongata, whereas the descending branch run one-two spinal segment
caudally. Both the ascending and descending branches give rise to local collaterals that
terminate in the spinal grey matter at the level of the spinal entrance of the axon and one-two
segment rostrally and caudally to that (Basbaum et al., 2009). The local collaterals of Aa axons
terminate primarily in the deep dorsal horn (laminae V-VI) and in the intermediate grey matter

(lamina VII). Aa fibres innervating muscle spindles run even more ventral and make synaptic
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contacts with homonymous motoneurons. Collaterals of AP fibres terminate primarily in

laminae 111 and 1V of the dorsal horn (Figure 3).

Figure 3: lllustration of course and termination patterns of the central axons of DGR neurons in the spinal cord.
Please find the detailed description of the scheme in the text. (Fyffe, 1984)

C and A¢ fibres do not enter the dorsal funiculus but reach the dorsal margin of the dorsal horn,
where they divide into ascending and descending branches, forming the tract of Lissauer
(Lingford-Hughes and Kalk, 2012). Both branches cover one-two spinal segments while they

give rise two collaterals terminating primarily in laminae I-11 (Figure 3).
2.1.3. Ascending pathways

After local information processing, sensory information conveyed from the spinal cord to

higher brain centers by multiple parallel ascending pathways.

Proprioceptive and tactile information conducted by Aa and A fibres conveyed by the dorsal
column-medial lemniscus pathway to the thalamus, from where this information will be

transmitted to the cerebral cortex by thalamo-cortical pathways, where the sensory inputs
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generate sensory perception of position sense, vibration, touch, pressure, etc (Giesler et al.,
1984). Along this pathway sensory information from the periphery is transmitted to the cortex
without any sensory processing in the spinal dorsal horn. Collaterals of Aa and AP fibres,
however, terminate also in laminae V-VII of the spinal grey matter. After some spinal
information processing, these sensory signals are conveyed to the cerebellum by spino-
cerebellar pathways ascending in the lateral part of the lateral funiculus (Wercberger and
Basbaum, 2019). This sensory information is inevitable in motor coordination. These pathways
are out of the focus of the present thesis; for further details see Brooks and Tracey (2005), and
Wang et al. (2022).

As mentioned earlier noxious mechanical, thermal, and chemical signals carried by C and Ad
fibres to laminae I-11 of the spinal dorsal horn. After complex information processing these
signals are conveyed further by the contralateral anterolateral ascending system. Ascending
fibres in the anterolateral system terminate in various regions and nuclei of the brainstem and
thalamus, where they generate further information processing (Chandar and Freeman, 2014).
From here the signals are conveyed further to multiple regions of the cerebral cortex, where
perception of pain and thermal sensation are generated (Iggo, et al., 1985; Spike, et al., 2003;
Wercberger and Basbaum, 2019). Further details of this pathway are given in the next sections

of the thesis.
2.2. The pain processing system

As defined earlier nociceptive pain arises from actual or threatened damage to non-neural tissue
and is due to the activation of nociceptors. At the cortical level, these nerve signals generate a
complex unpleasant sensation serving a vital protective function. It is a warning signal telling
us that something happened in our body that needs attention and proper response or treatment.
Without the acute form of pain sensation, one may call it as nociception, we would not be able
to protect our body against tissue damaging stimuli, and properly maintain the homeostasis of
our body. On the other hand, however, the long lasting, chronic pain experience may make our
life almost unbearable. Thus, pain processing can be regarded as one of the most important
functions of the nervous system. In this thesis, we are going to deal only with the acute pain /

nociceptive mechanisms.
2.2.1. Peripheral mechanisms of nociception

Peripheral axon terminals presenting receptors that can detect high intensity, tissue damaging,

noxious stimuli form free nerve endings. They represent terminals of C and Ad type primary
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afferents, and according to their specific stimuli they can be classified into three categories:
thermo-, mechano-, and polymodal nociceptors (Gardner and Johnson, 2013). Thermal
nociceptors can detect extreme temperatures, higher then +45°C and lower then +5°C with
various TRP receptors like TRPV1 or TRPA1 (Basbaum et al., 2009). Mechanical nociceptors
are sensitive to intense pressure. Polymodal nociceptors can be activated by a much wider range
of stimuli, they can detect intense thermal, mechanical, and chemical stimuli. In addition to
thermosensitive and mechanosensitive channels they also express a wide range of
chemoreceptors sensitive to biologically active mediators that can be released in case of tissue
injury or inflammation (McHugh and McHugh, 2000; Ellis and Bennett, 2013) (Figure 4).
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Figure 4: Illustration of a primary afferent nociceptor and some thermo, mechano, and polymodal receptors, as
nAChR, P2Y, ASIC, TRP, BK, NK (2019, Peripheral sensitization and signal propagation in nociception,
Sponsored Content by Tocris Bioscience, accessed on 5" June 2023  https://www.news-

medical.net/whitepaper/20190817/lon-Channels-Involved-in-Pain.aspx).

The specific stimuli and functional properties of these receptors are quite heterogeneous, but
in case of activation all of them open, directly or indirectly, Na* and/or Ca** channels and thus
depolarize the membrane of the primary afferent axon terminals (Basbaum et al., 2009). The

initial depolarization can be converted into action potential at the first node of Ranvier along
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the axon, then the action potential shall be conducted by the activated C and Ao primary

afferents to the spinal cord where they terminate in the dorsal horn.
2.2.2. Spinal processing

The incoming C and Ad fibres activate excitatory and inhibitory interneurons as well as
projection neurons in the spinal dorsal horn (Yasaka et al., 2007; Neumann et al., 2008). If the
incoming nociceptive signals are strong enough projection neurons can be directly activated.
In most of the cases, however, the nociceptive impulses first activate interneurons, and after
some spinal processing, the interneurons will make the projection neurons fire (Todd, 2010).
Based on behavioural observations, Melzack and Wall (1965) pointed out first, that the spinal
processing of nociceptive signals can be substantially influenced by nerve impulses generated
by low threshold mechanoreceptors and conducted to the spinal cord by AP fibres (Figure 5).
AB-inputs can activate inhibitory neurons in the spinal cord that can attenuate the primary
nociceptive signals and can even block the activation of projection neurons. Thus, if one wants
to understand spinal nociceptive/pain processing in the spinal cord, in addition to nerve
impulses conducted by C and Ad nociceptive primary afferents, non-nociceptive inputs
conducted by AP fibres, and possible integration mechanisms of these nociceptive and non-
nociceptive signals should also be seriously taken into consideration.
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Figure 5: Illustration of the gate control theory, published by Melzack and Wall in 1965. Nociceptive and non-
nociceptive fibres can activate the projection neuron, which can be inhibited by an inhibitory interneuron. The C
fibre input “opens the gate” by inhibiting the inhibitory interneuron, with consequent activation of the projection
neuron, while A fibre activates the inhibitory interneuron “closing the gate” for the activation of the projection

neuron. (Basbaum and Jessel, 2013)
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2.2.3. Multiple ascending systems conducting nociceptive signals to higher brain

centers

If the spinal processing and integration of nociceptive and non-nociceptive signals results in
the activation of projection neurons, nociceptive/pain signals will be forwarded to higher brain
centers by the axons of projection neurons (Figure 6). Axons of most projection neurons cross
the midline and collect within the contralateral anterolateral white matter forming the
anterolateral ascending system (Figure 6). This is a complex ascending system constructed by
axonal bundles/pathways that terminate in multiple regions of the brainstem and diencephalon
(Brooks and Tracey, 2005). The spinobulbar pathway end in the medulla oblongata and activate
the ventrolateral reticular formation, the rostral ventromedial medulla, and the nucleus of the
solitary tract. The spinopontine pathway terminate primarily in the parabrachial nucleus. The
spinomesencephalic pathway end primarily in the periaqueductal grey matter. The
spinodiencephalic pathway is the most rostral component of the anterolateral ascending system.
Some of these fibres terminate in the lateral thalamus including the ventral posterolateral
nucleus; this component is usually referred to as the spinothalamic pathway. In addition to this,
however, spinodiencephalic fibres end also in the medial thalamus and hypothalamus. Thus,
nociceptive signals generate a complex and widespread activation in the brainstem and

diencephalon (Suzuki and Dickenson, 2005; Basbaum and Jessel, 2013).
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Figure 6: Illustration of the ascending tracts from the dorsal horn to higher brain centers (Szentagothai and
Réthelyi, 1989).

20



2.2.4. Pain perception in the cerebral cortex

Many brainstem and diencephalic nuclei activated by different constituents of the anterolateral
ascending system project to various regions of the cerebral cortex (Tracey and Mantyh, 2007).
In addition to the primary somatosensory cortex, various parts of the limbic cortical areas
including the anterior cingulate cortex, the insular cortex and frontal cortical territories will be
activated (Willis and Westlund, 1997; Garland, 2012) (Figure 7). Thus, the nociceptive/pain
signals evoke a complex network activity at the level of the cerebral cortex. This is the reason
why pain sensation is much more complex than any other sensory modality. In addition to the
sensory-discriminative component, which is characteristic to all sensory modalities, pain also
has motivational-affective (emotional-cognitive) and autonomic (e.g., raise of blood pressure
and pulse rate, sweating etc.) components (Basbaum et al., 2009). This complex nature of pain
sensation creates serious problems in the clinical evaluation and treatment strategies of chronic

pain.

Figure 7: Illustration of areas of the cerebral cortex that may be activated through nociceptive sensation (Price,

2000). PAG: periaqueductal grey; PBn: parabrachial nucleus of the dorsolateral pons; VMpo: ventromedial part
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of the posterior nuclear complex; MDvc: ventrocaudal part of the medial dorsal nucleus; VPL: ventroposterior
lateral nucleus; ACC: anterior cingulate cortex; PCC: posterior cingulate cortex; H: hypothalamus; S-1 and S-2:
first and second somatosensory cortical areas; PPC: posterior parietal complex; SMA: supplementary motor area;

AMYG: amygdala; PF: prefrontal cortex.

2.3. Neuroanatomical substrates of spinal nociceptive/pain processing

2.3.1. The spinal dorsal horn

Based on its cytoarchitectonic organization, the spinal dorsal horn can be divided into 6 layers
(Rexed, 1952 and 1954), and numbered from dorsal to ventral direction (Figure 8). Lamina I,
the most dorsal lamina, known also as marginal layer, contain large projection neurons together
with a limited number of interneurons; lamina Il presents a high density of small interneurons
and referred to as substantia gelatinosa; laminae I-11 together are also named as the superficial
spinal dorsal horn; laminae 111 and 1V are like each other in cytoarchitectonic organization and
named together as nucleus proprius; the deep dorsal horn, laminae V-VI contain large neurons
and receives inputs primarily from Aa primary afferents (McClung and Castro, 1978; Molander
etal, 1984; Peirs et al., 2020). Because neural signals conducted by Aa fibres do not participate
in pain processing, later we are going to limit our overview to laminae I-1V of the spinal dorsal

horn.

Laminae of Rexed

Figure 8: lllustration of the Rexed laminae of the spinal cord. The dorsal horn is divided into 6 laminae in a dorso-
ventral arrangement. Lamina V11 represents the intermediate gray matter. Laminae VIII and IX label the medial

and lateral parts of the ventral horn, respectively. Lamina X surrounds the central canal. (Netter, 2011).
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2.3.2. Primary afferents terminating in laminae I-1V

It is generally accepted that, with some overlap, laminae I-II receive terminals of C and Ad
nociceptive primary afferents, whereas laminae I11-IV are innervated by AP non-nociceptive
fibres (Figure 9). For this reason, laminae I-11 are usually interpreted as the nocireceptive zone
of the spinal cord. This is, however, an oversimplified view and in this thesis, | would like to

give a more elaborated description about these primary afferents.

The non-myelinated nociceptive C fibres usually divided into two groups based on their
neurochemical characteristics. One of them consists of afferents sensitive to nerve growth
factor (NGF), express tyrosine kinase A (TrkA) receptors, and contain neuropeptides like
calcitonin gene related peptide (CGRP) or substance P (SP); while the other population of C
fibres are sensitive to glial cell line-derived neurotrophic factors (GDNFS), express the receptor
tyrosine kinase (RET), binds the isolectin B4 (IB4), and do not contain neuropeptides (Alvarez
and Fyffe, 2000; Hunt and Mantyh, 2001). Based on the presence or absence of neuropeptides
in them, the two subgroups are distinguished from each other as peptidergic and non-
peptidergic. The peptidergic C fibres terminate mainly in lamina I and the outer layer of lamina
I1 (I10), whereas the non-peptidergic ones arborize mainly in the inner part lamina Il (I1i) (Todd
and Koerber, 2013) (Figure 9). Concerning its neuropeptide content and termination areas
peptidergic and non-peptidergic nociceptive C-fibres are quite segregated from each other, but

it is not clear that they represent different functional types of nociceptive primary afferents.
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Figure 9: Illustration of the non-nociceptive and nociceptive fibres termination sites in the spinal dorsal horn.
Myelinated A and Ap fibres terminate in laminae I and V, and III-1V, respectively; while peptidergic C fibres

terminate in laminae | and outer lamina I, and non-peptidergic C fibres in inner lamina Il. (Basbaum et al., 2009).
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The myelinated nociceptive Ad primary afferents are also heterogeneous in their
neurochemical properties, e.g., some of them contain neuropeptides such as CGRP and SP, but
they cannot be divided into clearly distinguishable subgroups (Zeitz et al., 2002; Shin et al.,
2003). After leaving the tract of Lissauer, they arborize and terminate in laminae | and llo.
They also give rise to branches that run into the ventral direction and terminate in the deep

dorsal horn (Figure 9), but these deep collaterals are out of the focus of the present thesis.

The non-nociceptive myelinated low threshold mechanoreceptive AP primary afferents enter
the dorsal column, where they bifurcate. Both the ascending and descending branches give rise
to collaterals that terminate mainly in laminae I11-1V (Figure 9), but some of their terminals
project also into lamina Ili (Todd et al., 2003).

All primary afferents are excitatory and use glutamate as their main neurotransmitter. For some
reason, however, they use different vesicular glutamate transporters (VGLUTS) for pumping
glutamate into the synaptic vesicles. Neuropeptide containing afferents can also release
neuropeptides such as SP, galanin, somatostatin that can act together with glutamate on the
postsynaptic neurons and modify the postsynaptic effect of glutamate (Todd and Koerber,
2013).

Primary afferents transmit their neural activities to spinal interneurons by making synaptic
contacts with them. They establish mostly simple synaptic contacts with dendrites (axo-
dendritic) and in a lesser extent with somata (axo-somatic) of spinal neurons (Todd and
Koerber, 2013). In addition to this, a substantial proportion of primary afferent terminals make
axo-axonic synapses, a significant number of which were found in complex, so called
glomerular synaptic arrangements. In the synaptic glomeruli, the primary afferent terminals
appear as large central boutons, which is surrounded with dendrites and axon terminals. Within
these synaptic arrangements the central primary afferent boutons establish axo-dendritic
contacts with usually more than one dendrite, and form axo-axonic synapses in which it may
appear as pre- and also as postsynaptic elements (Ribeiro-da-Silva, 2004). Two main types of
synaptic glomeruli have been described. Type 1 synaptic glomeruli have a central bouton with
electro dense matrix, densely packed synaptic vesicles, and low number of mitochondria; the
central axon terminals in type 2 synaptic glomeruli have a lighter matrix, less synaptic vesicles,
and more mitochondria (Ribeiro-da-Silva, A., 2004). The different types of primary afferents
form different types of synaptic glomeruli with different probability. In rodents, peptidergic

nociceptive primary afferents can be found in synaptic glomeruli very rarely. Type 1 synaptic
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glomeruli are established by nonpeptidergic C fibres, whereas Ad primary afferents and

presumably AP fibres also form type 2 glomeruli (Zeilhofer et al., 2012).
2.3.3. Spinal interneurons in laminae I-1V

Interneurons represent the largest neuronal population in the spinal dorsal horn, including
laminae I-1V. Most of these neurons have their dendrites and axons in the same lamina where
their cell bodies are, while others have dendrites and axons extending to other laminae. Until
recently it was a general idea, that the dendritic and axonal trees of interneurons do not leave
the confines of laminae I-111. Thus, the nociceptive processing area of the spinal cord have been
regarded as a “closed system”. Although this idea still has many supporters, more and more
experimental data show that the axons and dendrites of many of these neurons are not confined
to an area around the cell bodies, but they have abundant intersegmental connections, whereas

others project deeper into the spinal grey matter (Todd, 2010; Peirs and Seal, 2016).

Interneurons can be classified based on several attributes including the location of their cell
bodies, axonal and dendritic morphologies, neurochemical characteristics, and functional
properties. Because the location of the cell bodies does not tell much about the contribution of
the neurons to the formation of nociceptive/pain processing neuronal circuits, I am going to
describe these interneurons based on their axonal and dendritic morphology, and
neurochemical characteristics. Concerning the functional properties, | shall take a simple

approach and divide the interneurons into excitatory and inhibitory categories.
2.3.3.1.  Morphological classification

From old Golgi impregnation studies to recent genetic analysis, interneurons in laminae 1-1V
had been classified into several subgroups. In the last two decades, it turned out that the most
reliable classification of these interneurons had been made by Grudt and Perl (2002). They
studied interneurons in lamina I, but most of the interneurons in the other laminae can also be
classified according to their scheme. According to Grudt and Perl (2002), taking the dendritic
arborization patterns into account, interneurons in lamina Il can be grouped into four
morphological groups: islet, central, radial, and vertical. Islet and central cells have rostro-
caudally oriented dendritic trees, but the extension of the dendrites of islet cells is much wider
than that of central cells. As the name indicates, radial cells give rise to short but widely
arborizing dendrites that form a stellate like dendritic arbor. While the dendritic arbors of islet,
central and radial cells are confined to the laminar location of the cell bodies, the dorso-ventral

extension of the dendrites of vertical cells is much wider, they cross laminar boundaries.
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Although interneurons in lamina I were classified differently (Lima and Coimbra, 1986), later
it turned out that they are not different from the morphologies described by Grudt and Perl
(2002). Many interneurons in laminae I11-1V also show the morphologies of islet, central and
radial cells, however, in these layers the cell morphologies are more diverse. In these laminae,
there are also inverted vertical cells (inverted stalked cells, as they were described by Gobel
(1975) in his classical Golgi studies), and pyramidal cells described first by Réthelyi and
Szentagothai (1969). In addition, there are other interneurons with dendritic morphologies
which cannot be classified so easily.

2.3.3.2.  Neurochemical classification

Interneurons in the spinal dorsal horn show many distinct neurochemical features. They express
various neuropeptides, calcium binding proteins, enzymes, receptors and other markers in
different quantities and combinations, providing a basis for neurochemical classification of the
interneurons (Todd and Koerber, 2013; Peirs et al., 2014). In this thesis, | would like to deal
with only those molecules which are frequently used for the identification of specific

populations of interneurons in morphological studies.

Calbindin (CaB) is a calcium-binding protein with a molecular weight of 28 kD. CaB positive
neurons form an abundant cell population in lamina Il, but some of them can be found also in

adjacent laminae (Antal et al., 1990).

Parvalbumin (PV) is a calcium-binding protein of 9-11 kD located primarily, if not exclusively,
in laminae II-111 of the spinal dorsal horn; most of them regulate the effect of non-nociceptive

inputs on pain processing neural circuits (Antal et al., 1990; Hughes et al., 2012).

Calretinin (CR) is a 29 kD calcium binding protein showing a 58% homology to mammalian
28kD calbindin. CR interneurons represent a significant proportion of neurons in laminae I-Il,
they receive substantial monosynaptic inputs from C and Ad primary afferents and produce
sustained activation following stimulation and are regarded as pain amplifiers (Ren et al., 1993;
Smith et al., 2015; Gutierrez-Mecinas et al., 2019).

Gamma isoform of protein kinase C (PKCy) positive neurons are mostly distributed in laminae
[1-111, they are present only occasionally in lamina | or lamina IV; they receive strong
innervation from AP fibres and play a major role in the development of mechanical allodynia

(Miraucourt et al., 2007; Alba-Delgado et al., 2015; Artola et al., 2020).
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Cholecystokinin (CCK) containing neurons are distributed in laminae I-1V and contribute to
the development of both punctate and dynamic allodynia (Gutierrez-Mecinas et al., 2019; Peirs
et al., 2020).

Neural nitric oxide synthase (NNOS) is the neuronal NADPH diaphorase. nNOS positive
neurons are present in moderate numbers and widely distributed in laminae I-1V; it synthetises
nitic oxide, a gas that has diverse effects on nociceptive/pain signalling in the dorsal horn
(Huang et al., 2018; Peirs et al., 2020).

Dynorphins (DYN) are opioid peptides derived from the precursor protein prodynorphin.
DYNs are expressed in relatively low numbers of interneurons in the superficial layers of the
spinal dorsal horn, but they were shown to play important roles in the processing of certain
pain modalities (Duan et al., 2014; Peirs et al., 2020).

Galanin (GAL) is a neuropeptide of 29 amino acids. GAL interneurons form a small but distinct
population of interneurons in the superficial spinal dorsal horn (Simmons et al., 1995; Tiong
etal., 2011).

Neuropeptide Y (NPY) is a neuropeptide of 36 amino acid. NPY-containing cells represent a
low proportion of interneurons but reported to play an important role in the attenuation of

nociceptive activities in the dorsal horn (Polgar et al., 1999; Iwagaki et al., 2016).

Receptor tyrosine kinase (RET) positive neurons are located mostly in deeper laminae of the

spinal dorsal horn, but some of them can be found also in laminae I-1V (Cui et al., 2016).

Beta isoform of nuclear orphan receptor (RORp) containing cells are sparsely distributed in

laminae I-1V and represent a functionally diverse population of neurons (Koch et al., 2017).
2.3.3.3.  Inhibitory and excitatory interneurons

Interneurons in the central nervous system including the spinal dorsal horn can be divided into
two main functional categories: excitatory and inhibitory neurons. Excitatory spinal
interneurons are glutamatergic which is released alone or together with neuropeptides like SP
modulating the effect of glutamate on the postsynaptic neuron (Todd and Koerber, 2013).
Inhibitory spinal interneurons release gamma amino butyric acid (GABA) and/or glycine that
may evoke inhibitory postsynaptic potentials together or alone on the postsynaptic cells. The
proper and reliable identification of the cell bodies of excitatory and inhibitory interneurons
with morphological methods is difficult, because the very low concentrations of GABA,
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glycine and glutamate, the synthetizing enzymes of GABA, glutamic acid decarboxylase
(GADG65 and GADG67), or the neuron specific glycine transporter (GlyT2) make the direct and
reliable immunohistochemical detection of these transmitters and enzymes in the cell bodies
almost impossible (Zeilhofer et al., 2012). On the other hand, the concentrations of GABA,
GlyT2 and GADG65/67 is sufficiently high in axon terminals for a trustworthy identification of
the inhibitory axon terminals. However, the identification of excitatory axon terminals based
only on their glutamate content is not so trivial. For this reason, the morphological
identification of inhibitory and excitatory interneurons requires a complex methodological
approach in which immunocytochemistry is combined with physiological, pharmacological,
genetic, and transgenic technologies. These complex methodological approaches revealed that
GABAergic inhibitory interneurons in laminae I-11 can be grouped into five, neurochemically
definable populations: neurons expressing 1) GAL, 2) NPY, 3) nNOS, 4) PV, and 5) CR (Boyle
et al., 2017). This classification cannot be applied to laminae I11-1V, because in these laminae
large populations of inhibitory interneurons express RET, and some others contain RORf
(Peirs et al., 2020). The classification of excitatory interneurons based on neurochemical
markers is more difficult. Among the several markers that have been identified, CaB, CCK and
PKCy seem to be the most useful markers for the identification of excitatory interneurons when
studying the construction of neural circuits underlying nociceptive/pain processing in the spinal
dorsal horn (Todd, 2010; Benarroch, 2016; Comitato, and Bardoni, 2021). It is also important
to note that no neurochemical markers have been identified till now that would label
exclusively excitatory or inhibitory interneurons. There is general agreement, that in a neuronal
population expressing a given neurochemical marker there are always excitatory and inhibitory

neurons in highly variable proportions.
2.3.4. Descending fibres

The central nervous system has an internal pain attenuation mechanism which is driven by
centers of the limbic system like the anterior cingulate cortex or amygdala (Figure 10). The
activities of these areas are forwarded by mesencephalic structures like the periaqueductal grey
to serotonergic and noradrenergic nuclei of the brainstem that project to the spinal dorsal horn
(Hossaini et al., 2012). Most of these descending serotonergic and noradrenergic fibres arise
from the rostral ventromedial medulla and locus coeruleus and evoke a strong inhibition on
spinal dorsal horn neurons processing nociceptive/pain signals; it was also shown that
descending fibres arising from the rostral ventromedial medulla, in addition to serotonin,

release also GABA and glycine in the spinal dorsal horn (Antal et al., 1996) (Figure 10). Thus,
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descending fibres arising from brainstem nuclei can evoke a strong inhibition on spinal

nociceptive/pain processing by releasing a mix of serotonin, noradrenalin, GABA, and glycine.
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Figure 10: lllustration and schematic diagram of the descending fibres from the cerebral cortex to the spinal dorsal
horn (image on the left from Fields, 2004). RMV: rostral ventromedial medulla; PAG: periaqueductal grey; H:

hypothalamus; T: thalamus; ACC: anterior cingulate cortex; NA: noradrenaline; GLY': glycine; 5-HT: serotonin.
2.3.5. Projection neurons

Nociceptive/pain information is relayed to higher brain centers by two sets of projection
neurons. One of them is within lamina I, and the other is in laminae 111-1V. Axons arising from
both sets of neurons cross the midline and ascend in the contralateral anterolateral white matter
(ALS) (Werceberger and Basbaum, 2019). As discussed earlier, axons ascending in the ALS
terminate in several parts of the brainstem and diencephalon. Recent studies, however, showed
that axons of lamina | and laminae I11-1V projection neurons terminate in different areas.
Lamina | neurons project primarily to the brainstem including the parabrachial nucleus,
whereas the axons of laminae Il1-1V terminate mostly in the lateral thalamus (Todd, 2010).
Thus, the target territories of lamina | projection neurons primarily activate cortical territories
which generate the motivational-affective component of pain, whereas neural signals
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conducted by the axons of laminae I11-1V projection neurons seem to be used mostly for the

generation of the sensory-discriminative component of pain (Al-Khater and Todd, 2009).
2.3.6. Neuronal circuits

As | tried to demonstrate in the previous sections, the neuronal apparatus of laminae I-1V is
very complex. The major constituents are the following: C, Ad and AP primary afferents, spinal
excitatory and inhibitory interneurons that show highly variable neurochemical and functional
properties, superficial and deep projection neurons, and descending fibres releasing various
neurotransmitters evoking different forms of inhibitions on spinal neurons. On top of these,
these elements are interacting with each other in a way which is poorly understood. Thus,
because of the high level of complexity of this neural apparatus, the construction of neuronal
circuits that may explain the major morphological and functional properties of spinal
nociceptive/pain processing is not an easy task. Despite this, different authors have created
hypothetical neuronal circuits summarising some elements of the possible constituents and
explaining some functional properties of the network, but nobody has had the ambition to build
up a neural network that may include all elements of this complex neural apparatus. For this
reason, | would like to present only one hypothetical neural circuit here, which is one of the
most complex ones and created by Peirs and Seal (2016). See the description of the model in
the legend of Figure 11.
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Figure 11: lllustration of a dorsal horn neural circuit of pain. Ad and peptidergic C primary afferents (blue) project
onto excitatory interneurons in lamina Ilo (central cells (dark grey); vertical cells (yellow)) and onto NK1R
projection neurons (red) in lamina 1. Non-peptidergic C primary afferents (green) project to lamina Ilid, including
to excitatory vertical cells with ventrally directed elongated dendrites. Both primary Ag, peptidergic and non-
peptidergic afferents also contact inhibitory islet cells (horizontally elongated (pink)). Stimulation of nociceptive
afferents activates excitatory central cells, vertical cells, and NK1R projection neurons to mediate noxious pain.
Inhibitory islet cells modulate this activity. Ap and Ad primary afferents (orange) project onto excitatory
interneurons expressing tVGLUT3 in lamina Il (brown), PKCy in lamina Iliv (teal), and vertical cells in lamina
Ilo. These myelinated afferents also contact PV inhibitory interneurons in lamina Il (radial (light red)) and
dynorphin inhibitory vertical cells in lamina Ilo (vertical (light red)). tVGLUT3 interneurons project onto
excitatory vertical cell dendrites and intermediate excitatory interneurons in lamina I11. Intermediate interneurons
project onto PKCy and calretinin excitatory interneurons in lamina lliv. Inhibitory interneurons prevent

myelinated A-fibres—mediated activation of the nociceptive network through feed-forward circuits that act on
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PKCy interneurons, vertical cells, and NK1R projection neurons. (Peirs and Seal, 2016) Despite this, different
authors have created hypothetical neuronal circuits summarizing some elements of the possible constituents and
explaining some functional properties of the network (Todd, 2010; Benarroch, 2016), but nobody has had the

ambition to build up a neural network that may include all elements of this complex neural apparatus.

2.4. Complexity and plasticity of spinal nociceptive/pain processing

2.4.1. Complexity of spinal nociceptive/pain processing

As discussed earlier, spinal nociceptive/pain processing is a complex information processing
in which several neuronal elements play vital roles. This information processing machinery,
however, is even more complex, because in addition to neuronal players and glutamatergic,
GABAergic and glycinergic mechanisms, the contribution of glial cells (microglia and
astrocytes), other signaling mechanisms (e.g. various peptides or cannabinoid mediated
events), ion channels and membrane transporters regulating the resting membrane potentials of
neurons (e.g. hyperpolarization-activated and cyclic nucleotide-gated cation channels) are also
inevitable for the proper propagation and modification of nociceptive/pain signals in the spinal
dorsal horn (Zeilhofer et al., 2012, 2018, 2021).

2.4.2. Plasticity of spinal nociceptive/pain processing neural circuits

Usually evoked by inflammatory or neuropathic peripheral events, nociceptive primary
afferents may become overexcited, and they carry these increased activities to the spinal dorsal
horn. In addition to glutamate, the overexcited primary afferents can release other substances
like neuropeptides (e.g., SP), neurotrophic factors (e.g., brain derived neurotrophic factor), the
release of which induces a complex chemical tuning of dorsal horn neurons and glial cells that
appears in changes in biophysical membrane properties, synaptic plasticity, and network
plasticity (Colangelo et al., 2008; West et al., 2015). Finally, all these events result in an
enhanced excitatory state of neural circuits in the superficial spinal dorsal horn leading to
hyperalgesia and allodynia, and pain sensation at the level of the cerebral cortex. The role of
inhibitory neurons, and plasticity of inhibitory neurotransmission cannot be overestimated in

these processes.
2.5. Fast inhibitory neurotransmission in the spinal dorsal horn

Inhibition plays essential roles in all different functional states of nociceptive/pain processing
neural circuits of the spinal dorsal horn. i) The GABAergic and glycinergic cells are tonically
active even in situations when the dorsal horn does not receive any specific activation from

primary afferents (Zeilhofer et al., 2012). In these cases, a resting level of GABA and glycine
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release is needed to prevent spontaneous activities of spinal neurons, which may lead to
spontaneous pain. ii) During stimulation of nociceptive afferents, feedback and feedforward
ways of inhibition are needed to maintain appropriate levels of neural excitation, to avoid
hyperalgesia (Zhang et al., 2018). iii) Inhibition in the dorsal horn is also required to restrict
evoked neural activities to the locally activated areas of the dorsal horn. In the lack of this
collateral type of inhibition the local excitation may spread to non-stimulated areas of the spinal
cord causing radiating and/or mirror-image pain (Kopach et al., 2017). iv) Inhibition is vital in
the separation of spinal neural circuits processing nociceptive and non-nociceptive peripheral
signals (Todd, 2010). This is very important because these circuits are interconnected by pre-
existing pathways. The reduced level or lack of this type of inhibition allows crosstalk between
the two systems and non-nociceptive inputs may activate nociceptive neurons leading to the
phenomenon of allodynia (Peirs et al., 2021). v) In case of enhanced excitatory states of spinal
pain processing neural circuits, presynaptic inhibition reduces the release of glutamate and
other substances from primary afferents, whereas postsynaptic inhibition dampens Ca*™*
transients in spinal neurons evoked by NMDA receptors activated by the incoming nociceptive
inputs (Zeilhofer et al., 2012; Chen et al., 2014; Gradwell et al., 2020). If for some reason, the
pre- and postsynaptic inhibition is reduced, the enhanced excitatory state of the superficial

spinal dorsal horn may lead to chronic pain conditions (Foster et al., 2015; Lu et al., 2013).
2.5.1. GABAergic versus glycinergic inhibition in the spinal dorsal horn

As presented in the previous section, fast inhibitory neurotransmission mediated by GABA and
glycine plays a vital role in shaping up neural activities in the nociceptive/pain processing
neuronal circuits. The relative contribution of GABA and glycine to the inhibitory events is,

however, under continuous and vivid debate.

Early immunohistochemical studies revealed strong colocalization between GABA and glycine
in laminae I-111 of the spinal dorsal horn in a way that glycine was detected exclusively in
GABA-containing neurons (Todd and Sullivan, 1990; Todd, 1996; Todd et al., 1995, 1996),
whereas glycine was found in only less than half of the GABAergic cells (Todd and Sullivan,
1990; Mitchell et al., 1993). Thus, one may expect that cells displaying glycine-mediated
miniature inhibitory postsynaptic currents (mIPSCs) would also show GABA-mediated
mIPSCs. However, in addition to mixed GABA-glycine and GABA-only mIPSCs, glycine-
only mIPSCs have been also recorded from neurons in the superficial spinal dorsal horn (Chéry
and De Korninck, 1999; Keller et al., 2001). Following these early observations, experimental
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data substantiating the fundamental role of glycine-only inhibition in the nociceptive/pain
processing neuronal circuits are continuously piling up (Foster et al., 2015; Takazawa and
McDermott, 2010; Lu et al., 2013; Punnakkal et al., 2014; Takazawa et al., 2017; Aubrey and
Supplisson, 2018; El Khoueiry et al., 2022). These data clearly indicate that a substantial
proportion of the inhibitory input onto neurons in the superficial spinal dorsal horn is
glycinergic (Takazawa and McDermott, 2010; Punnakkal et al., 2014; Foster et al., 2015; Lu
et al., 2015; Takazawa et al., 2017). Convincing experimental evidence accumulates showing
that the suppression of glycinergic synaptic transmission induces spontaneous pain,
hyperalgesia, allodynia, and chronic pain conditions (Zeilhofer, 2005; Torsney and
MacDermott, 2006, Miraucourt et al., 2007, 2009; Zeilhofer et al., 2012; Lu et al., 2013; Foster
et al., 2015; Peirs and Seal, 2016). Strongly reinforcing the importance of glycinergic
inhibition, Foster et al. (2015) found that more than 70% of the total inhibitory postsynaptic
current amplitude recorded in excitatory neurons was blocked by the application of the glycine
receptor antagonist strychnine and only the rest could be blocked by the GABAA receptor
antagonist bicuculline. In addition, by recording mIPSCs in spinal dorsal horn neurons it was
demonstrated that postsynaptic currents mediated by either glycine or GABAA receptors were
common, but the occurrence of mixed postsynaptic currents was remarkably low (Inquimbert
et al., 2007; Mitchell et al., 2007; Anderson et al., 2009; El Khoueiry et al., 2022).

These observations indicate that although GABAergic transmission is very important, glycine
seems to be the neurotransmitter which mediates most of the fast inhibitory neurotransmission
in the nociceptive/pain processing neuronal circuits in the spinal dorsal horn. Thus, further
studies are needed to investigate the cellular and molecular features, synaptic relations of
glycinergic neurons and the way how they contribute to the formation of neuronal circuits in

the spinal dorsal horn.
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3. Aims

As exposed in the Theoretical Background, a great deal of experimental evidence shows that
glycinergic neurons play an essential role in spinal pain processing (Lu et al., 2013; Foster et
al, 2015). However, apart from some early studies (Todd and Sullivan, 1990; Powell and Todd,
1992), there is no report about the morphological and neurochemical properties, and the
synaptic relations of glycinergic neurons in the spinal dorsal horn. Without this fundamental
knowledge, however, the contribution of glycinergic inhibition to spinal pain processing cannot

be accurately evaluated. Thus, we intended to explore:

the distribution,

- the morphology,

the neurochemical properties,

the synaptic relations

of glycinergic neurons in laminae I-1V of the spinal dorsal horn to advance our understanding

about the contribution of glycinergic inhibition to spinal pain processing.
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4. Material and Methods
4.1. Animals

The experiments were performed on adult male mice. The Animal Care and Protection

Committee at the University of Debrecen approved all animal experimental protocols

(2/2017/DEMAB) which were conducted by following the European Community Council

Directives.
Four types of mice were used:
1) Wild-type B6

2) Transgenic mice

a. GlyT2::CreERT2- mice

The GlyT2::CreERT2 mice,

expressing CreERT2

recombinase

the

transcriptional control of the GlyT2 gene were a gift from Professor Hans Ulrich
Zeilhofer. A bacterial artificial chromosome (BAC) was used to carry a Cre that
expresses a target gene (Zeilhofer et al., 2005; Xu and Anderson, 2010).

b. Tg(PAX2-Cre)1Akg/Mmnc- mice
The Tg(Pax2-cre)lAkg/Mmnc mice, expressing Cre recombinase under the
transcriptional control of the Pax2 gene were obtained from Mutant Mouse Regional
Resource Centers, Stock Number: 010569-UNC.

c. Prkcgtm2/Cre/ERT2/Ddg/J- mice
The B6; 129S6-Prkcgtm2/cre/ERT2)Ddg/J mice, expressing CreERT2 recombinase
under the transcriptional control of the PKCy gene were obtained from The Jackson
Laboratory, Bar Harbor, ME, USA, Stock number: 030289. In case of Cre-ERT2, Cre
is combined with human estrogen receptor (ER) (Indra et al., 1999).

d. 007914-B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J
The 007914-B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J reporter mice were
obtained from The Jackson Laboratories, Bar Harbor, ME, USA.

Table 1: List of transgenic animals.

Name Strain aim Expression
GlyT2::CreERT?2 CreERT2-Driver GlyT2
Tg(PAX2-Cre)1Akg/Mmnc | Cre-Driver PAX?2
Prkcgtm2/Cre/ERT2/Ddg/J | CreERT2-Driver PKCy
007914-B6.Cg- Reporter tdTomato
Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J
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The Cre or CreERT2 lines were crossed with the tdTomato reporter mice, and a postnatal (at
8" to 10" days) intraperitoneal tamoxifen injection (2 mg/pup, Sigma, Cat# T5648) was given
to the offspring of the CreERT?2 lines (a, c) to induce the tdTomato expression (Figure 12). The
tamoxifen was prepared as described by Zheng et al. (2019), it was dissolved in 20mg/mL
concentration in ethanol, combined with double volume of sunflower seed oil (Sigma) and
vortexed for 5-10 minutes. Next, the mixture was centrifuged under vacuum for 20-30 minutes

to remove the ethanol. The final solution was maintained at -20°C.

All the offspring were genotyped for the tdTomato transgene, and for GlyT2::CreERT?2,
Tg(PAX2-Cre)1Akg/Mmnc, and Prkcgtm2/Cre/ERT2/Ddg/J transgenes at the 18™ to 20™
postnatal days. The animals that expressed both genes were used for the experiments at the age

of 3 to 5 months.

Intraperitoneal tamoxifen injection
on the 8% — 10% postnatal days

JLCr— & — G

B6: 12956~ W o )
Prkcgtm2/cre/ERT2)Dd Prkegtm2/cre/ERT2-td Tomato mice

3 ~ + . 2/J mice
— (Jackson Laboratory)

tdTomato reporter mice

Intraperitoneal tamoxifen injection

Pax2cre-tdTomato mice Tg(Pax2- on the 8%— 10* postnatal days

cre)1Akg/Mmnc mice

(007914-B6.Cg- +
(MMRR Center) Gt(Rosa s <
tdTomato)lize/T) mice _ (? _— o
(Jackson Laboratory)

GlyT2::CreERT2 mice

GlyT2:CreERT2-tdTomato mice

Figure 12: Schematic illustration of the crossing used to obtain the 3 transgenic mice line used in this project.

4.2. Hemisection

Animals used for the investigation of the synaptic targets of GlyT2 positive axon terminals
underwent a laminectomy at the level of the 9™ and 10" thoracic vertebrae under deep sodium
pentobarbital anaesthesia (50 mg/kg, intraperitoneal). One side of the spinal cord at the level
of the 11" and 12" thoracic spinal segment was transected whereas the other side remained
intact. The back muscles and skin were sutured. The animals recovered from the surgery and
further experiments were performed on them after 3 to 4 weeks. For the confirmation of the
accuracy of the hemisection, sections from the site of hemisection were stained with cresyl
violet (Figure 13). The experiments were performed on the hemisected side at the level of the
L4 and L5 segments of the spinal cord.
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Figure 13: Light microscope image of cresyl violet-stained section of the spinal cord, at the level of hemisection.
One side of the spinal cord (left to the central canal) exhibits the typical cytoarchitectonic pattern of the spinal
cord, whereas the other side (the hemisected side, right to the central canal) does not. The border between the grey

and white matter is marked by dotted line on the intact side. Central canal (cc). Bar: 100 pm.

4.3. Preparation of tissue sections
4.3.1. For immunohistochemistry

The animals were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal), and
perfused transcardially with Tyrode’s solution (oxygenated with a mixture of 95% O3, 5%
COy), followed by a fixative containing 4.0% paraformaldehyde (in 0.1 M phosphate buffer
(PB; pH7.4) for light microscopy, or 2.5% paraformaldehyde and 0.5% glutaraldehyde (in 0.15
M cacodylate buffer (pH7.4) for electron microscopy. The lumbar segments of the spinal cord
were removed and postfixed in the same fixative for 4 hours. Then, they were placed into 10
and 20% sucrose solutions (in 0.1 M PB) until they sink. Liquid nitrogen was used to freeze-
thaw the spinal cord, which was then sectioned at 50 or 100 um (only from the GlyT2::Cre
ERT2-tdTomato animals) on a vibratome and washed several timesin 0.1 M PB or in 0.15 M
cacodylate buffer. The 100 wm sections were cut in sagittal orientation and affixed on glass
slides, while 50 um sections were cut in sagittal, transverse, and horizontal orientations.
Sections which were fixed for electron microscopy were treated with 0.1% H.O> and 1%

sodium borohydride for 15 and 30 minutes, respectively.
4.3.2. For in situ hybridization

Animals were deeply anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal). The
lumbar segments of the spinal cord were removed and frozen on liquid nitrogen. The frozen
spinal cord was embedded in a cryo-embedding medium. Sections (16 pm thick) were cut at a
cryostat, affixed on Superfrost Plus glass sides (Thermo Fischer Scientific, Cat# JIB00AMNZ),

and placed under -20°C until antibodies treatments.
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4.4. Immunohistochemistry for light microscopy

In general, the free-floating sections were incubated with 10% normal goat or rabbit serum

(Vector Laboratories., Burlingame, CA, USA) for 50 minutes, followed by the primary
antibodies listed in Table 2, diluted in 10 mM PBS pH 7.4 with 1% normal goat or rabbit serum,

for 2 days at 4°C. Then, the sections were transferred into a solution containing the respective

secondary antibodies diluted in 10 mM PBS pH 7.4 with 1% normal goat or rabbit serum for 5

to 6 hours at room temperature. Finally, the sections were affixed on glass slides and covered

with Vectashield mounting medium (Vector Laboratories., Burlingame, CA, USA).

Table 2: List of primary antibodies used in immunohistochemistry for light and electron microscopy.

Primary antibody

Research
Catalog
Host o Resource
Target ] Dilution Company number .
species Identifier
(Cat#)
(RRID)
biotinylated 1B4
1:2000 121414
(b-1B4) .
i Thermo Fisher
paired box gene o
o Scientific
2 transcription 1:1000 71-6000 AB_2533990
factor (PAX2)
CGRP 1:3000 Peninsula T-4239 AB_518150
GAL 1:12000 | Laboratories | T-4334.0050 | AB_518348
GAD 65/67
(65kD and 67
1:2000 AB183999 EPR19366
kD enzyme rabbit
isoform)
Abcam
NPY 1:400 AB30914 AB_2807030
PKCy 1:2000 AB71558 AB_1281066
VGLUT2 1:1000 AB216463 AB_2893024
VGLUT1 1:2000 AB227805 AB_2868428
CaB 1:10,000 CB38 AB_10000340
PV 1:60,000 Swant PV27 AB_ 2631173
CR goat 1:30,000 CG1 AB_10000342
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nNOS 1:8000 Abcam ab1376 AB_1566510

PV mouse | 1:20,000 Swant PV235 AB_ 10000393
guinea Synaptic

GlyT2 ] 1:40,000 272004 AB_2619998
pig Systems

4.4.1. Single immunostaining of sections obtained from wild type animals

Free-floating section from hemisected and non-operated wild type mice were incubated with
guinea pig anti glycine transporter 2 (GlyT2) (diluted 1:40,000, Synaptic Systems, Gottingen,
Germany, Cat# 272 004, RRID: AB_2619998) primary antibody and with goat anti-guinea pig
IgG secondary antibody conjugated with Alexa Fluor 488 (diluted 1:1000, Thermo Fisher
Scientific, Cat#A-11073, RRID: AB_2537117), following the protocol described in section
4.4,

4.4.2. Single immunostaining of sections obtained from GlyT2::CreERT2-tdTomato

animals

Free-floating sections from GlyT2::CreERT2-tdTomato mice were incubated with one of the

subsequent primary 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 (nNOS) (diluted 1:8000, Abcam Cat# ab1376,
RRID: AB_1566510),

(3) rabbit anti-neuropeptide Y (NPY) (diluted 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).

And with the respective secondary antibody conjugated with Alexa Fluor 488:
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(7) goat anti-rabbit 1gG (diluted 1:1000, Thermo Fisher Scientific Cat# A-11008, RRID:
AB_143165),

(8) goat antimouse IgG (diluted 1:1000, Thermo Fisher Scientific Cat# A-11001, RRID:
AB_2534069), or

(9) rabbit anti-goat 1gG (diluted 1:1000, Thermo Fisher Scientific Cat# A-11078, RRID:
AB_2534122).

Following the protocol described in section 4.4.

4.4.3. Double immunostaining on sections obtained from GlyT2::CreERT2-tdTomato

animals to reveal colocalization between GlyT2 and GAD65/67

Free-floating sections from hemisected and non-operated GlyT2::CreERT2-tdTomato mice
were incubated with a mixture of guinea pig anti-GlyT2 (diluted 1:1000, Synaptic Systems
Cat# 272004, RRID: AB_2619998) and rabbit anti-GAD recognizing both 65kD and 67 kD
isoforms of the enzyme (GAD65/67) (diluted 1:2000, Abcam, Cat# AB183999, EPR19366)
primary antibodies. Then, they were treated with a mixture of goat anti-guinea pig 1gG
conjugated with Alexa Fluor 488 (diluted 1:1000, Thermo Fisher Scientific Cat# A-11073,
RRID: AB_2534117) and goat anti-rabbit 1gG conjugated with Alexa Fluor 647 (diluted
1:1000, Thermo Fisher Scientific Cat# A-21244, RRID: AB_2535812) secondary antibodies,

following the protocol described in section 4.4.

4.4.4. Double immunostaining on sections obtained from wild type animals to reveal
close appositions between GlyT2-IR and other axon terminals identified by

various axonal markers

Following hemisection, free-floating section from wild type mice were incubated with a
mixture of guinea pig anti-glycine transporter 2 (GlyT2) (diluted 1:40,000, Synaptic Systems
Cat# 272 004, RRID: AB_2619998) and one of the following primary antibodies:

(1) rabbit anti-calcitonin gene-related peptide (CGRP, diluted 1:3000, Peninsula Laboratories,
Augst, Switzerland, Cat# T-4239; RRID: AB_518150),

(2) biotinylated isolectin B4 (b-1B4, diluted 1:2000, Thermo Fisher Scientific, Cat# 121414),

(3) rabbit anti-vesicular glutamate transporter 2 (VGLUTZ2, diluted 1:1000, ABCAM,
Cambridge, UK, Cat# AB216463; RRID: AB_2893024), or
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(4) rabbit anti-vesicular glutamate transporter 1 (VGLUTL, diluted 1:2000, ABCAM, Cat#,
AB227805; RRID: AB_2868428).

Sections were then incubated with a mixture of goat anti guinea pig IgG conjugated with Alexa
Fluor 555 (diluted 1:1000, Thermo Fisher Scientific, Cat# A-21435, RRID:AB_2535856) and
goat anti-rabbit 1IgG conjugated with Alexa Fluor 488 (diluted 1:1000, Thermo Fisher Scientific
Cat# A11034, RRID:AB_2576217) or streptavidin conjugated with Alexa Flour 488 (1:1000,
Thermo Fisher Scientific, Cat# S11223) secondary antibodies, following the protocol described

in section 4.4.

4.45. Double immunostaining on sections obtained from PAX2::Cre-tdTomato

animals

Free-floating section from PAX2::Cre-tdTomato mice were incubated with a mixture of guinea
pig anti-GlyT2 (diluted 1:40,000, Synaptic Systems Cat# 272 004, RRID:AB_2619998) and

one of the following primary antibodies:

(1) rabbit anti-neuronal nitric oxide synthase (nNOS) (diluted 1:4000, Abcam Cat# AB76067,
RRID: AB_2152469),

(2) rabbit anti-parvalbumin (PV) (diluted 1:60,000, Swant AG, Burgdorf, Switzerland, Cat#
PV27, RRID: AB_2631173),

(3) rabbit anti-galanin (GAL) (diluted 1:10,000, Peninsula Laboratories Cat# T-4334, RRID:
AB_518348),

(4) rabbit anti-calretinin (CR) (diluted 1:5000, Swant Cat# 7697, RRID: AB_2721226),
(5) rabbit anti-calbindin (CaB) (diluted 1:10,000, Swant, Cat# CB38, RRID: AB_10000340,

(6) rabbit anti-gamma isoform of protein kinase C (PKCy) (diluted 1:2000, Abcam, Cat#
AB71558, RRID: AB_1281066).

Sections were transferred into a mixture of goat anti-guinea pig conjugated with Alexa Fluor
647 (diluted 1:1000, Thermo Fisher Scientific, Cat# A21450, RRID: AB_2735091) and goat
anti-rabbit 1gG conjugated with Alexa Fluor 488 (diluted 1:1000, Thermo Fisher Scientific,
Cat# A11034, RRID: AB_2535849) secondary antibodies, following the protocol described in

section 4.4.
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4.4.6. Triple immunostaining on sections obtained from PKCy::CreERT2-tdTomato

animals

Free-floating section from PKCy::CreERT2-tdTomato mice were incubated with a mixture of
guinea pig anti-GlyT2 (diluted 1:40,000, Synaptic Systems Cat# 272 004, RRID:
AB_2619998), rabbit anti-PAX2 (diluted 1:200, Thermo Fisher Scientific, Cat# 71-6000,
RRID: AB_2533990) and either biotinylated IB4 (b-1B4, diluted 1:2000, Thermo Fisher
Scientific, Cat# 121414), or goat anti-vesicular glutamate transporter 1 (VGLUT1, diluted
1:5000, Synaptic System, Cat# 135 307; RRID: AB_2619821). Sections were then incubated
with a mixture of donkey anti-guinea pig 19G conjugated with Alexa Fluor 647 (diluted 1:1000,
Jackson ImmunoResearch, West Grove, PA, USA, Cat# 706-605-148, RRID: AB_2340476),
donkey anti-rabbit conjugated with 405 (diluted 1:1000, Thermo Fisher Scientific, Cat#
A48258, RRID: AB_2890547) and donkey anti-goat 1gG conjugated with Alexa Fluor 488
(diluted 1:1000, Thermo Fisher Scientific Cat# A11055, RRID: AB_2534102) or streptavidin
conjugated with Alexa Flour 488 (diluted 1:1000, Thermo Fisher Scientific, Cat# S11223)

secondary antibodies, following the protocol described in section 4.4.
4.5. Immunohistochemistry for electron microscopy

Sections were placed into 10% normal goat serum for 50 minutes, followed by 1% normal goat
serum for 10 minutes and incubated with guinea pig anti-GlyT2 (diluted 1:40,000, Synaptic
Systems Cat# 272 004, RRID: AB_2619998) for 2 days at 4°C. Then, the sections were
transferred into biotinylated goat anti-guinea pig 1gG (diluted 1:200, Vector Laboratories Cat#
BA-7000, RRID: AB 2336132) for 5-6 hours, followed by avidin biotinylated horseradish
peroxidase solution (ABC) for overnight. The immunostaining was visualized with nickel-
intensified diaminobenzidine (NiDAB) chromogen solution. The NiDAB end-product was
intensified with silver precipitation, which was stabilized with gold toning according to Kallé
et al. (2001) and Bardoczi et al. (2017). After this, the sections were treated with a mixture of
0.5% OsO4 and 1.5% ferricyanide dissolved in 0.15 M cacodylate buffer for 15 minutes,
followed by dehydration. Finally, the sections were embedded in Durcupan. Ultrathin sections
were cut at 50-60 nm thickness, collected onto Formwar-coated single-slot grids, and
counterstained with 2% lead citrate. They were analysed with a JEOL1010 transmission
electron microscope, and images were taken with an Olympus Veleta slow scan cooled digital

camera.
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4.6. Multiplex in situ hybridization

a. To reveal colocalization between tdTomato and RET as well as ROR3 mRNAs

The hybridization was performed following the RNAScope® Multiplex Fluorescent Assay
(ACD, Biotechne, Cat# 320850, Minneapolis, USA), the manufacturer’s pre-treatment
protocol for fresh frozen tissue (document number 320513, revision date: November 5, 2015)
and detection protocol (document number 320293-USM, revision date: March 14, 2017). The
probes used were Slc6a5 (GlyT2) (ACD, Biotechne, Cat# 409741-C3), tdTomato (ACD,
Biotechne, Cat# 317041 and 317041-C2), retinoic acid-related orphan nuclear receptor [
(RORP) (ACD, Biotechne, Cat# 444271-C3), and receptor tyrosine kinase RET (ACD,
Biotechne, Cat# 431791) (Table 3). The sections were covered with Vectashield mounting
medium with DAPI (Vector Laboratories, Burlingame, CA, USA).

b. To reveal colocation between GlyT2 and GAD65/67 mMRNAs in tdTomato mRNA

expressing neurons

The hybridization was performed on PAX2::Cre-tdTomato mice spinal cord sections,
following the same Assay, pre-treatment protocol, and detection protocol described in the
previous section. The probes used were Mm-GAD1 (GAD67, ACD, Bio-techne, Cat# 400951),
Mm-GAD2 (GADG65, ACD, Bio-techne, Cat# 439371), Mm-Slc6a5-C2 (GlyT2, ACD, Bio-
techne, Cat# 409741-C2), and tdTomato-C3 (ACD, Biotechne, Cat# 317041-C3). Sections

were covered with Vectashield mounting medium containing DAPI.

Table 3: List of probes used in the in situ hybridization experiments.

In situ hybridization probes

Target Probe design Company Catalog number (Cat#)
Mm-GAD1 (GAD67) 400951
Mm-GAD2 (GADG65) 439371

Mm-Slc6a5-C2 (GlyT2) 409741-C2
receptor tyrosine kinase RET 431791
retinoic acid-related orphan ACD Biotechne
444271-C3

nuclear receptor f (RORp)

Slc6a5 (GlyT2) 409741-C3
tdTomato 317041 and 317041-C2
tdTomato-C3 317041-C3
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4.7. Confocal microscopy

Serial optical sections with 1 um thickness and 0.5 um overlap were obtained in an Olympus
FV3000 confocal microscope using a 40x oil-immersion lens (numerical aperture: 1.3). For all
images, the confocal aperture and gain, and laser power were the same, and no saturated images
were taken. The images were evaluated at Adobe Photoshop CS5 software.
Immunohistochemical stainings were evaluated in 1 um thick optical sections. In case of FISH,

we created 3 um thick compressed images by merging five consecutive optical sections.
4.8. Neurolucida reconstruction

Neurolucida system (v.11.07, MicroBrightfied Bioscience, Williston, VT, USA) was used for
the reconstruction of the neurons. In the first set of reconstruction, sections from
GlyT2::CreERT2-tdTomato mice were used, in which tdTomato-labelled cell bodies and
dendrites were reconstructed in 3D, from serial image stack.. In the second set of
reconstruction, sections from PKC::Cre/ERT2-TtdTomato mice triple immunostained for
GlyT2, PAX2, and VGLUTL1 or IB4- binding were used, in which tdTomato-labelled PKCy-
containing cell bodies and dendrites, together with GlyT2 and VGLUT1 immunostained or
IB4-binding axon terminals making contact with tdTomato-labelled cell bodies and dendrites

were reconstructed in 3D, from serial image stack.

4.9. Statistical analysis
4.9.1. Expression of markers within the cell bodies of GlyT2::CreERT2-tdTomato

labelled neurons

To investigate the colocalization of GlyT2::CreERT2-tdTomato labelling with the expression
of PAX2, nNOS, NPY, GAL, PV, CR, GlyT2, RORp, and RET, the numbers of cell bodies
labelled with tdTomato and/or immunostained for PAX2, nNOS, NPY, GAL, PV, CR, and/or
giving positive hybridization signal for GlyT2, RORp, and RET were counted in laminae of
the dorsal horn where the immunostaining for the marker was present. It was calculated what
percentage of the tdTomato-labelled neurons were also positive for the markers. Three animals
were used to evaluate all the investigated markers' colocalization. The quantitative
measurements were carried out in three animals, and five sections were selected from each

animal. Thus, the final calculations were based on the investigation of 15 independent sections.
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4.9.2. Expression of GlyT2 and GADG65/67 within the axon terminals of
GlyT2::CreERT2-tdTomato labelled neurons

Considering the limited penetration of both antibodies into the sections, the colocalization of
the GlyT2::CreERT2-tdTomato labelling with immunostaining for GlyT2 and GAD65/67, and
the colocalization between GlyT2 and GADG65/67 immunostaining were investigated in the
superficial layers of the tissue sections (2 to 3 um from the surface) in which immunostaining
for both GlyT2 and GADG65/67 were strong. The quantification of the immunostained profiles
were done manually. A 10x10 standard square grid in which the edge-length of the unit square
was 5 um was placed onto the regions of confocal images corresponding to laminae I-11 and

lamina 11 of the superficial spinal dorsal horn.
The grids were placed onto the sections according to the subsequent standards:

(1) the border between the dorsal column and the dorsal horn was distinguished on the
premise of the density of immunostaining;

(2) the border between lamina Il and lamina 11l was estimated based on earlier findings.
Ultrastructural studies showed that myelinated axons are abundant in lamina Il1, while
they are essentially non-existent in lamina Il. Thus, the border between lamina Il and
I11 can be precisely defined and the thickness of laminae I-11 can be exactly measured
in ultrastuctural studies (McClung and Castro, 1978; Molander et al., 1984; McNeill et
al., 1988);

(3) cytoarchitectural studies showed that at the level of L4 and L5 segments of the mouse

spinal cord lamina 111 is as thick as laminae | and Il together (Sengul et al., 2013).

Based on these earlier observations, immunolabeling was examined a) in the most superficial
60 um zone of the dorsal horn, corresponding to laminae I-11, and b) in a zone from 60 to 120
um from the dorsal border of the dorsal horn corresponding to lamina Il at the L4 and L5 level

of the mouse spinal dorsal horn.

The profiles showing tdTomato labelling or immunoreactivity for GlyT2 or GAD65/67 and
located over the edges of the 5 um grids were counted. Data were evaluated according to the

following approaches:

(@) how many of the tdTomato-labelled profiles were also immunoreactive for GlyT2,
(b) how many of the profiles double labelled for tdTomato and GlyT2 were also

immunoreactive for GAD65/67,
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(c) how many of the GlyT2-positive axon terminals, regardless of whether they were

positive or negative for tdTomato, were also immunostained for GAD65/67.

Considering that the GlyT2 antibody used in this investigation was produced against the
transporter's intracellular domain, the GlyT2 immunolabelling was expected to be located
within the confines of the axon terminals. The colocalizations were investigated in 3 animals.
Three sections from each animal were arbitrarily selected, thus 9 independent sections were

used to acquire the quantitative data.

4.9.3. Changes in the numbers of GlyT2 immunostained boutons following
hemisection of the spinal cord

The numbers of GlyT2 immunostained boutons in laminae I-11, and lamina 11l of L4-L5 spinal
cord were compared in sections collected from non-operated animals and animals subjected to
hemisection of the Th11-Th12 spinal cord. For animals that underwent hemisection,
immunostained boutons were quantified ipsilateral to the hemisection. Considering the
limitation in the penetration of the antibodies into the sections, the quantification was
performed on confocal optical images recorded from the superficial layer of the sections (2 to
3 um from the surface). Data were collected according to the procedure described in section
49.2.

The evaluation was carried out on 3 non-operated animals, and 3 mice that underwent
hemisection.  Five sections from each animal were arbitrarily selected; therefore, 15
independent sections were used to acquire the quantitative data.

4.9.4. Colocalization of td-Tomato, GAD1/2 (GAD65/67), and GlyT2 mRNAs

Multiplex FISH was used to analyse the colocalization of tdTomato, GAD1/2 (GADG67/65),
and GlyT2 mRNAs in 3 um thick optical sections were taken from PAX2:Cre-tdTomato
transgenic animals. Neurons stained for the mRNASs were counted in laminae I-11, and lamina

I11. The borders of the laminae were defined following the procedure described in section 4.9.2.

Neurons stained for tdTomato, GAD1/2, and GlyT2 mRNAs were quantified in 3 animals. Five
sections from each animal were arbitrarily selected; therefore, 15 independent sections were

used to acquire the quantitative data.
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4.9.5. Expression of PAX2 in the cell bodies of neurons immunostained for various
neuronal markers

The cell bodies of neurons immunostained for nNOS, GAL, PV, CaB, CR, and PKCy and
positive or negative for PAX2::Cre-tdTomato were counted in laminae I-111, for the assessment
of the colocalization. The quantification of immunostained neurons were made in 3 animals.
Five sections from each animal were chosen arbitrarily; therefore, 15 independent sections
were used to acquire the quantitative data.
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5. Results
5.1. Specificity of tdTomato labelling in the GlyT2::CreERT2-tdTomato transgenic mice

The GlyT2::CreERT2 mice was generated by Zeilhofer (University of Zurich, Switzerland)
using the same strategy as GlyT2:Cre (Foster et al., 2015) and GlyT2:eGFP (Zeilhofer et al.,
2005) were generated . After crossing these mice with tdTomato reporter animals, as described
in the Materials and Methods, first we tested the specificity of tdTomato expression in the
GlyT2::CreERT2-tdTomato mice for glycinergic neurons.

We first analysed the expression of PAX2, a transcription factor that is commonly employed
as an accurate marker of inhibitory neurons in the spinal cord (Alaynick et al., 2011; Balazs et
al., 2017), in the cell bodies of neurons that had been labelled with tdTomato (Figure 14 a-c).
A total of 183 tdTomato labelled cell bodies were observed in laminae | to 1V of the 9 analysed
sections, in which 97.35+2.38% of them were also stained for PAX2. Therefore, the tdTomato-
labelled neurons in the spinal dorsal horn can be classified as inhibitory neurons. To confirm
if these inhibitory neurons were glycinergic, we detected GlyT2 and tdTomato mRNAs using
multiplex FISH (Figure 14 d-f). We counted 152 cells positive for tdTomato mRNA and all of
them showed positive signal also for GlyT2 mRNA in laminae I-1V, indicating that the
tdTomato labelling in the GlyT2::CreERT2-tdTomato transgenic mice is selective for

glycinergic neurons.
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Figure 14: Pax2 and GlyT2 expressed in GlyT2::CreERT2-tdTomato-labelled neurons. (a—c) Micrograph of a
single Pax2 immunostained 1um thick confocal section from a GlyT2::CreERT2-tdTomato animal. The mixed
colour in the combined image (c) depicts the colocalization of Pax2 immunostaining (b; green) and tdTomato
labelling (a; magenta). (d-f) Micrograph of a 3 um thick confocal section from a GlyT2::CreERT2-tdTomato
animal in which tdTomato and GlyT2 mRNAs were detected using multiplex in situ hybridization. The mixed
colour in the combined image (f) depicts the colocalization of the GlyT2 (e; green) and tdTomato (d; magenta)
mRNAs. Neurons within which tdTomato and GlyT2 mRNAs colocalize are indicated by arrows. Bars: 10 um
(a-c) and 20 um (d-f)

5.2. Distribution of glycinergic neurons in laminae I-1V

Studying tdTomato labelling in the lumbar spinal dorsal horn of GlyT2::CreERT2-tdTomato
animals, strong labelling was observed in laminae | to IV; tdTomato labelled both cell bodies
and punctate profiles (Figure 15a). Elongated labelled profiles, resembling dendrites or
interbouton segments of axons, were also frequently observed (Figure 15a). The punctate
labelling was the most dominant and showed a relatively homogeneous labelling throughout
laminae | to IV. Although labelled cell bodies were rare in lamina Il and only a slightly more

numerous in lamina | (Figure 15b, c), the punctate labelling was remarkably strong in these
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superficial laminae, indicating that glycinergic neurons in the deeper layers of the dorsal horn
send their dendrites and/or axons into the superficial dorsal horn. The number of labelled
neurons was higher in lamina 111, but the highest density was observed in lamina IV (Figure
15b, c).

Figure 15: Distribution of GlyT2::CreERT2-tdTomato labelling in the spinal dorsal horn. (a) A micrograph of a
single confocal section illustrating the dorsal horn of the L6 lumbar segment with extensive tdTomato staining of
cell bodies, dendrites, and axonal profiles. (b, c) The distribution of labelled cell bodies at the level of the L4 and
L5 segments in laminae I to IV of the spinal grey matter is shown schematically. Approximately 500 um long
pieces of the L4 and L5 spinal segments were used to collect labelled neurons. The shape of the spinal grey matter

and the boundaries between the adjacent laminae are depicted according to Sengul et al. (2013), Bar: 100 um.
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5.3. Morphology of glycinergic neurons

After the description of the distribution of tdTomato-labelled glycinergic neurons, we studied
the dendritic morphology of these cells in laminae | to IV of the L4-L5 spinal segments.
Transverse, horizontal, and sagittal sections of the lumbar spinal cord were cut to reveal the
major orientations of the dendritic trees of the labelled neurons (Figure 16). In transverse
sections, it was not possible to identify longer segments of the dendritic trees (Figure 16a). In
horizontal sections, it was observed that the dendrites of many tdTomato-labelled neurons
showed a prominent rostro-caudal orientation (Figure 16c), whereas the mediolateral extension
of these dendritic trees was narrow, not more then 50-100 um (Figure 16c¢). The dendritic trees
could be seen in their greatest extent in sagittal sections. In this orientation, the dendritic trees'
rostro-caudal extension was just as clearly visible as in the horizontal sections (Figure 16b).
However, it was also observed that, although the dendrites were extending in the rostro-caudal
directions, most of them took oblique courses and extended also into the dorsal or ventral
directions (Figure 16b, d).

Considering that the dendrites of the tdTomato-labelled glycinergic neurons extend primarily
into rostro-caudal and dorsoventral direction, and their medio-lateral extent is less than 100
pm, we cut 100 um thick sagittal sections and studied the dendritic morphology of the

tdTomato-labelled neurons in stacks of long series of confocal section.

In most cases, it was possible to image and investigate the labelled neurons over the whole 100
um thickness of the sections. However, along the dendrites the strength of the tdTomato
labelling continuously declined, making it difficult or impossible to follow the dendrites in
their full extent. As a result, we could only see the proximal part of the dendritic trees and were
unable to analyse dendrites that extended further away from the cell body. Moreover, even
though tdTomato-labelling appeared as punctate staining in laminae I-1V, and most of these
puncta could be axonal swellings, we were unable to track the arborization of axons. To
overcome this problem and enhance axonal as well as dendritic staining, we applied an anti-
tdTomato immunostaining to the sections. Even though anti-tdTomato immunostaining
revealed axonal and dendritic segments within which the original tdTomato labelling was
barely apparent and increased the intensity of the tdTomato signal, the antibody only penetrated
no further than 10 um into the sections. Therefore, deeper than this penetration limit,

representing 80-um-thick layer of our 100-um-thick sections, where most of our labelled
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neurons were found, we were unable to benefit from the immunohistochemical amplification

of the tdTomato signal.

Figure 16: Dendritic orientation of GlyT2::CreERT2-tdTomato-labelled neurons. Micrographs of the spinal dorsal
horn in transverse (a), horizontal (c), and sagittal (b, d) sections, displaying the cell bodies, dendrites, and axons
of GlyT2::CreERT2-labelled neurons. The horizontal section (c) illustrates labelled neurons at the border of
laminae 111 and 1V. The border between the white (dorsal funiculus) and grey (dorsal horn) matters is at the upper
edge of the images in (b) and (d). The dendrites (b-d) have an obvious rostro-caudal direction, but a dorso-ventral
orientation can also be observed in case of many labelled neurons (b, d). Arrows point to neurons with dorsally
extending dendrites (b, d) as well as neurons with rostro-caudally orientated dendrites (c). Bars: 100 um (a); 50
um (b-d).

5.3.1. Laminae I-lI

Considering the shape and size of the cell bodies and dendritic morphology, tdTomato-labelled

neurons in laminae | and Il were classified into 3 groups.

(1) Type 1. These neurons had small rostro-caudally oriented fusiform cell bodies with a

short and long axis of about 10 um and 20 um, respectively. The cell bodies' two ends
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gave rise to dendrites, which spread out in opposing rostro-caudal directions to form a
short, weakly arborizing dendritic tree. Into the rostro-caudal direction, the dendrites
extended 40 to 50 um, while into dorso-ventral direction they extended only 20 to 30
um (Figures 17a, b, 18a). In a few cases, we also noticed dendrites originating from the
ventral side of the cell body (Figures 17a, 18a), but they also extended rostro-caudally,
just like the dendrites originating from the extremities of the fusiform cell body.

(2) Type 2. These neurons were also fusiform, but their cell bodies were twice as large as
the cell bodies of type 1 neurons. The origin and orientation of their dendrites were
similar to type 1 neurons. Their dendrites extended 40 to 50 um both in the dorso-
ventral and rostro caudal directions (Figures 17c, 18Db).

(3) Type 3. The cell bodies of these neurons were multipolar with a diameter of about 20
um. They had 3 or 4 stem dendrites, some of which extended rostro-caudally, others

turned ventrally and run 30 to 40 um in an oblique direction (Figures 17d, 18c).
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Figure 17: Types 1 to 3 of GlyT2::CreERT2-tdTomato-labelled neurons in laminae I-11 of the spinal dorsal horn.
The cells are illustrated in long stacks of confocal images (a: 55 optical sections, b: 25 optical sections, c¢: 95

optical sections, d: 30 optical sections) obtained from sagittal sections. Bar: 20 um.

5.3.2. Laminae -1V

Deeper, in laminae 11l and IV, the cell morphology was more diverse, and the tdTomato-

labelled neurons were divided into 6 groups:

(1) Type 1. Most of the neurons were classified into this group. These neurons had small
fusiform cell bodies similar in shape and size to type 1 neurons in laminae | and Il. The
dendrites arising from the 2 ends of the cell body extended rostro-caudal for at least
150 um in both directions. The dorso-ventral extension of the dendritic tree was much

smaller, 15 to 20 um (Figures 19a, b, c, d, 18d, f). Some neurons presented poorly
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arborizing (Figures 19a, b, 18b), others richly arborizing dendritic tree (Figures 19c, d,
18f).

(2) Type 2. Their cell bodies were multipolar, with 15 to 20 um diameter, and with 4 to 5
stem dendrites that extended rostro-caudally forming a rich arborization. The dendritic
tree extended 200 to 250 um into the rostro-caudal direction, and only 40 to 50 um
dorso-ventrally (Figures 19f, 18e).

(3) Type 3. The cell bodies were similar to type 2 multipolar neurons in shape and size, but

the dendritic tree was different. Although some of the dendrites was running rostro-

caudally, others extended ventrally for at least 50 to 70 um (Figures 19e, 180).

h

Figure 18: Types 1 to 3 and types 1 to 6 of GlyT2::CreERT2-tdTomato-labelled neurons in laminae I-11 and I11-
IV, respectively, of the spinal dorsal horn. Neurolucida reconstructions presenting dendritic morphologies of

different types of glycinergic neurons reconstructed from sagittal sections. (a) Type 1 neuron from laminae 11,
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(b) Type 2 neuron from laminae I-11, (c) Type 3 neuron from laminae 1-11, (d) Type 1 neuron from laminae 111—
IV, (e) Type 2 neuron from laminae I1I-1V, (f) Type 4 neuron from laminae 111-1V, (g) Type 3 neuron from
laminae I11-1V, (h) Type 5 neuron from laminae -1V, (i) Type 6 neuron from laminae I11-1V. To estimate the
laminar position of the reconstructed neurons, identify them in Figures 17, 19, and 20 in the following way: a—
Figure 17a, b—Figure 17c, c—Figure 17d, d—Figure 19b, e—Figure 19f, f—Figure 19c; g—Figure 19¢, h—

Figure 20c; i-Figure 20f. Bar: 50 pum.

Figure 19: Types 1 to 3 of GlyT2::CreERT2-tdTomato-labelled neurons in laminae 111-1V of the spinal dorsal
horn. Neurons are illustrated in merged images of long series of confocal sections (a: 95 optical sections, b: 40
optical sections, c: 65 optical sections, d: 45 optical sections, e: 70 optical sections, f: 65 optical sections). Arrows

point to cells of interest. Bar: 50 pum.



(4) Type 4. These neurons presented 15 to 20 um large, elongated cell bodies. Some cells
possessed 2 dendrites arising from the poles of the cell body (Figure 20b). In other
cases, 1 dendrite arose from one end and 2 to 4 ones from the other end of the cell body
(Figure 20a). The dendrites took oblique courses and extended 100 to 150 um into the
rostral-caudal, and 50 to 70 um into the dorsal direction as well.

(5) Type 5. They had pyramidal-shaped cell bodies with 3 stem dendrites: 2 arising from
the base and 1 arising from the apex. The basal dendrites extended rostro-caudally and
showed poor arborization. The 20 to 30 um long apical dendrite run dorsally before
splitting into 2 branches. The secondary dendritic branches adopted an oblique position
and presented additional branching. By doing so, they approached grey matter regions
that were more dorsal to the cell body and expanded the dendritic field rostro-caudally
(Figures 20c, d, 18h).

(6) Type 6. We grouped the neurons into this category that we could not classify into the
other groups. They are considered as unclassified neurons (Figures 20e, f, 18i).
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Figure 20: Types 4 to 6 of GlyT2::CreERT2-tdTomato-labeled neurons in laminae 111-1V of the spinal dorsal

horn. Neurons are illustrated in merged images of long stacks of confocal sections (a: 90 optical sections, b: 30
optical sections, c: 90 optical sections, d: 55 optical sections, e: 45 optical sections, f: 100 optical sections) s.

Arrows point to cells of interest. Bar: 50 um.
5.4. Neurochemical markers of glycinergic neurons

In consideration of the premise that all inhibitory neurons were GABAergic in the superficial
dorsal horn, they were divided in 5 more or less non-overlapping groups regarding their
immunoreactivity for galanin, neuropeptide Y, neuronal nitric oxide synthase, parvalbumin and
calretinin, described in previous reports (Boyle et al., 2017; Peirs et al., 2020). In deeper
laminae, they were reported to also express the tyrosine kinase RET and the nuclear orphan
beta receptor RORp (Cui et al., 2016; Del Barrio et al., 2013).
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To analyse the colocalization of GlyT2 with GAL, NPY, nNOS, PV, and CR, single-labelling
immunohistochemistry was performed for these markers in GlyT2::CreERT2-tdTomato mice.
For RET and RORS, due to unavailability of specific and accurate antibodies against these
markers, the co-expression of GlyT2 and the markers was detected using FISH for tdTomato
and the markers mRNA. Both analyses took place on transverse sections since it was not our
goal to combine the dendritic morphology with the neurochemical character of the glycinergic
neurons. GlyT2::CreERT2-tdTomato-labelled neurons were collected in large numbers

throughout the entire spinal dorsal horn's mediolateral extension.
5.4.1. Galanin and Calretinin

Cell bodies showed strong immunostaining for both GAL and CR in lamina Il, and laminae I-
IV, respectively, as reported previously (Zhang et al., 1995; Ren et al., 1993). In the regions
where GAL and CR immunostained neurons were detected, we found 49 and 45 tdTomato-

labelled cells, respectively, but none of them were positive for GAL or CR.
5.4.2. Neuropeptide Y

We evaluated a variety of anti-NPY antibodies from various suppliers. While almost all of
them stained NPY-containing axonal boutons in laminae I-Il, none of them showed
immunostained cell bodies, in contrast to earlier reports (Sasek and Elde, 1985; Rowan et al.,
1993). Therefore, we were searching for NPY immunostaining in tdTomato-labelled axon
terminals rather than examining the colocalization of NPY and tdTomato in cell bodies. Using
this approach, we found double labelled axon terminals only occasionally and in very low
numbers (Figure 21c, f, i). Our findings imply that NPY-containing cells may make up a very

small percentage of glycinergic neurons.
5.4.3. Neuronal nitric oxide synthase

As previously reported, NNOS immunoreactive neurons can be found in both laminae I-11 and
I1-1V (Saito et al., 1994). In our investigation, we found 46 tdTomato-labelled neurons in
laminae I-11 from which 13 were also positive for nNOS (28,2%), and 231 tdTomato-labelled

neurons in laminae I11-1V from which 15 were also positive for nNOS (6.5%) (Figure 21a, d,

9).
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5.4.4. Parvalbumin

The immunostaining for PV was strong in the dorsal horn, mainly in laminae Ili-111, but also
in lamina IV, supporting earlier findings (Antal et al., 1990; Yoshida et al., 1990; Hughes et
al., 2012). A total of 367 tdTomato-labelled neurons were counted in laminae Ili-111-1V, from

which 150 were also positive for PV (40.8%) (Figure 21b, e, h).

tdTomato tdTomato tdTomato

Figure 21: Expression of nNOS, PV, and NPY in GlyT2::CreERT2-tdTomato-labelled cell bodies and axon
terminals. Micrographs of a single 1 um thick confocal section from a GlyT2::Cre-tdTomato animal that has been
immunostained for nNOS (a, d, g), PV (b, e, h), and NPY (c, f, i). The merged pictures (g, h, i) show the
colocalization of positive immunostaining for nNOS (d; green), PV (e; green), and NPY (f; green), as well as
tdTomato labelling (a, b, and ¢; magenta). Bar: 5 um (g, h) and 2 um (i).
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5.4.5. Tyrosine kinase RET
We identified many RET-expressing neurons in laminae I11-1V but only a small number in
laminae I-11, as previously mentioned (Cui et al., 2016). We detected 27 tdTomato-labelled
neurons in laminae I-11, of which 15 were also RET positive (55.5%), and 139 neurons in
laminae I11-1V, from which 79 presented positive hybridization signal for RET (56.8%) (Figure
22d-f).

5.4.6. Nuclear orphan beta receptor RORf3

For RORS, the hybridization signal was considerable weaker compared to RET. Even though
there were significantly fewer RORf-positive neurons than RET-positive ones, they were
distributed similarly. As was previously demonstrated, most of the ROR-positive neurons
were in laminae Il1-1V whereas they were sporadic in laminae I-1l1 (Koch et al., 2017). In
laminae I-11 and 111-1V we found 21 and 104 tdTomato-positive neurons, of which 5 (23.8%)

and 13 (12.5%) also expressed ROR, respectively (Figure 22a-c).

tdTomato

tdTomato

Figure 22: Expression of RORP and RET mRNAs in GlyT2::CreERT2-tdTomato-labelled neurons. Micrographs
of 3 mm thick confocal sections where tdTomato (a, d), RORp (b), and RET (e) mRNAs were found using multiple
fluorescent in situ hybridization. The merged images (c, f) show the colocalization of the tdTomato mRNA (a, d;
magenta), RORB mRNA (b; green), and RET mRNA (e; green) with mixed colours. Arrows point to cells in
which tdTomato and RORPB mRNAs (a, b, ¢) and tdTomato and RET mRNAs (d, e, f) colocalize. Arrowheads

exhibit a cell in which a strong hybridization signal for tdTomato and a weak one for RET is shown. Bars: 20 um.
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5.5. Colocalization of GlyT2 and GAD65/67 mRNA in neurons within laminae I-111 and
v

The analysis of the neurochemical markers of GlyT2 expressing neurons left the question open,
whether the glycinergic neurons are also GABAergic, or some of them can be regarded as
glycine-only neurons. Thus next, we raised this question more directly, and investigated the
GlyT2 and GAD65/67 mRNA expression with multiple fluorescence in situ hybridization in
Pax2:Cre-tdTomato transgenic animals in which tdTomato mRNA identifies PAX2 expressing
neurons. Since most of the GlyT2-containing neurons were found in lamina IV, we performed
this part of the study in a way that neurons in laminae I-111 were pooled in one group and

neurons in lamina IV were separated in another group.

We used the Advanced Cell Diagnostics pre-treatment and detection technigques and noted that
the probes for the target mMRNAs were very specific (Figure 23). When we measured the amount
of background staining in laminae 1111, we found that in 20 um x 20 um (400 pm?) cell free
squares, there were 2.4+1.4, 2.6x1.5, and 8.2+2.3 dots positive for GlyT2, GAD65/67, and
tdTomato mRNAs, respectively. We considered the cellular signals positive if they were at

least 3 times greater than the background signal.

We identified 408 neurons in laminae 1-111 that were positive for tdTomato mRNA, and only
19 (4.6%) of these neurons were negative for both GlyT2 and GAD 65/67 mRNA (Figure 23],
Table 4). Furthermore, we detected 9 neurons that expressed GlyT2 and/or GAD65/67 mMRNA
but did not express tdTomato mRNA. These findings demonstrated that tdTomato was
extremely selectively expressed in inhibitory neurons and expressed in almost all inhibitory
neurons in Pax2:Cre-tdTomato transgenic animals. Further investigation was done on the 389
neurons that were positive for tdTomato mMRNA and also expressed GlyT2 and/or GAD 65/67
mRNA. We found that 261 (67.1%) of these neurons expressed both GlyT2 and GAD65/67
MRNA, while 128 (32.9%) of them were only positive for GAD65/67 mRNA (Figure 23a, c,
d, e, g, Table 4). The intensity of the signals in neurons that expressed both GlyT2 and
GAD65/67 mRNA varied greatly from weak to strong along a continuous scale, and the
intensity of signals for GlyT2 and GAD65/67 changed independently. Therefore, we identified
cells in which GlyT2 mRNA labelling was stronger than GAD 65/67 mRNA labelling (Figure
23d, g), as well as cells with intense GAD65/67 mRNA labelling and weak/moderate GlyT2
MRNA labelling (Figure 23c, d). No cells were found to be GlyT2 mRNA positive while being
GAD65/67 mRNA negative.
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In lamina 1V, the labelling was as specific as in laminae I-111, although the background FISH
signal was slightly higher in this lamina, measuring 6.4+2.1, 5.0+1.9, and 14.2+2.7 dots
positive for GlyT2, GAD 65/67, and tdTomato mRNA, respectively, in cell-free 400 um? areas
(Figure 23b). Of the 665 tdTomato mRNA labelled cells, only 9 (1.4%) presented negative
signal for both GlyT2 and GAD 65/67 mRNAs (Table 4). Even though GlyT2 mRNA labelling
predominated in lamina IV neurons (Figure 23b, f, h, i), only 24 (3.7%; 1.6+£0.8 in the
individual sections) of the 656 cells that presented positive signal for GlyT2 and/or GAD 65/67
MRNAs expressed only GlyT2 mRNA (Figure 23i, Table 4). The percentage of these neurons
was lower than that of neurons that expressed only GAD 65/67 mMRNA; 43 (6.5%; 2.9+1.2 in
the individual sections; Table 4). In the 589 neurons that expressed both GlyT2 and GAD65/67
MRNAs (89.8%; 39.2+3.9 in individual sections; Table 4), the intensity of the signals altered
independently for GlyT2 and GADG65/67, and it was very variable from weak to strong along
a continuous scale, likewise in laminae I-11l. GlyT2 mRNA predominated in most of the
neurons in lamina IV (Figure 23b, f, h), in contrast to what was seen in laminae I-I1l, while
GADG65/67 mRNA labelling was, with a few exceptions, typically weak or moderate in these
neurons (Figure 23f, h).

Table 4: Numbers of neurons detected in laminae I-111 and lamina IV of the spinal dorsal horn that expressed
tdTomato, GlyT2, and GAD65/67 mRNAs in various combinations

1 2 3 4 5 6 7 8
tdTomato+ | tdTomato+ | tdTomato+ tdTomato+ tdgﬁl?_i;tf
| | o | e | G | e

GAD+
Lamilr:ae 261 0 128 389 19 408 9 417
I_ar\]/ina 589 24 43 656 9 665 2 667
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Figure 23: Expression of tdTomato, GlyT2, and GAD65/67 mRNAs in the lumbar spinal dorsal horn of Pax2:Cre-
tdTomato mice. Micrograph of 3 um thick confocal optical sections obtained from the L4-5 spinal dorsal horn of
Pax2:Cre-tdTomato animals hybridized for tdTomato (blue), GlyT2 (magenta) and GAD65/67 (green) mRNAsS.
Within the confines of each individual neuron, the hybridization end products are shown as tiny dots. Low (A, B)
and high (C-J) magnifications of the triple labelling images are displayed. Cells from dorsal horn's laminae 1111
(A—C—E-G-J) and lamina IV (B-F-H-I) are seen in the illustrations. Most cells were triple-labelled, but some

of them do not express GlyT2 (E), GAD 65/67 (F, I), or both GlyT2 and GAD 65/67 (J) mRNAs. Bars: 20 um.

5.6. Colocalization of GlyT2 and GAD65/67 in axon terminals within laminae I-11

Although we found GlyT2-containing neurons in a very moderate numbers in laminae I-11l,
especially in laminae I-1l (Figure 15), and the GlyT2 mRNA expression was also low in these

neurons (Figure 23), the density of dotted, presumably axon terminal labelling was remarkably
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high in these laminae. Taking these data into consideration, it seems to be a plausible idea that
glycinergic axon terminals in laminae I-111 may arise from neurons located out of the confines
of laminae I-111, for example from neurons in lamina IV, where GlyT2 mRNA expression has
been found to be remarkably strong.

To explore the GlyT2 expression and the colocalization between GlyT2 and GAD65/67 in axon
terminals within laminae I-111 we performed double immunostaining for GlyT2 and GAD 65/67
in sections obtained from GlyT2::CreERT2-tdTomato animals. Because of the relatively high
densities of dendrites that may bias our results in lamina 111, we analysed the immunostaining

only in laminae I-1I.

In the 9 ROIs (see Materials and Methods), 105 tdTomato-labelled puncta were found, of which
68 were also immunostained for GlyT2 (62.12 + 3.94%), and 31 of the GlyT2 immunoreactive
boutons were also immunostained for GADG65/67 (45.49 + 3.84%) (Table 5). GlyT2-negative
tdTomato-labelled but GlyT2-negative profiles were also negative for GAD65/67 staining. We
found GADG65/67 immunostaining only in 4 (3.8%) of them. Therefore, profiles that are
tdTomato positive, but GlyT2 and GAD65/67 negative can be regarded as dendrites or

interbouton segments of axons.

To confirm the presence of glycine-only axon terminals in laminae I-11, we also investigated
the GADG65/67 immunostaining in GlyT2-positive axon terminals in another way. We counted
the GlyT2-positive axon terminals regardless whether they were labelled or not labelled with
tdTomato. We found 123 axon terminals immunostained for GlyT2 in our sample, and 56 of
them were also immunostained for GAD65/67 (46.02 + 4.22%) (Figure 24, Table 5).

These findings indicate that glycine-only inhibition may exist in laminae I-11 of the spinal
dorsal horn, but glycine only axon terminals may arise primarily, if not exclusively, from

glycinergic neurons in lamina 1V.
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Figure 24: Localization of GlyT2 and GADG65/67 in GlyT2::CreERT2-tdTomato-labelled axon terminals in
laminae I-11. Micrograph of a single 1-pm thick confocal section from a GlyT2::CreERT2-tdTomato animal that
was GlyT2 and GAD65/67 double-immunostained. Many of tdTomato-labelled profiles (b, magenta) were also
immunostained for GlyT2 (a, green), while some of the tdTomato and GlyT2 double labelled puncta were also
immunoreactive for GAD65/67 (c, blue). Yellow arrows indicate profiles that were tdTomato labelled and
immunostained for GlyT2, but not for GAD65/67 (a to d). White arrows indicate profiles that are tdTomato
labelled and immunostained for both GlyT2 and GAD65/67 (a to d). Bar: 10 um.

Table 5: Numbers of transgenically labelled (tdTomato+) and single- (GlyT2+) as well as double-immunostained
(GlyT2+ and GAD+) profiles in laminae I-11 of the spinal dorsal horn

1 2 3 4 5 6 7 8

tdTomato+
tdTomato+ | [TOMAOY | 000 | “GiyTo+ | ar2% | GlyT2+ | CYT2H | 760

GlyT2+ GAD+

GAD+
Animal Sect?onl 17 13 76.47 6 46.15 18 10 55.55
1 Section? 20 15 75.0 6 40.0 18 7 38.88
Section3 15 10 66.66 5 50.0 15 6 40.0
Animal Sect!onl 11 6 54.54 4 66.66 13 8 61.53
9 Section? 9 6 66.66 2 33.33 10 4 40.0
Section3 10 5 50.0 2 40.0 18 7 38.88
Animal Sect!onl 9 5 55.55 2 40.0 11 3 27.27
3 Section2 7 5 71.42 3 60.0 11 5 45.45
Section3 7 3 42.85 1 33.33 9 6 66.66
62.12 45.49 46.02
Total 105 68 + 31 + 123 56 +
3.94% 3.84% 4.22%
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5.7. Spinal vs supraspinal glycinergic innervation of laminae I-111 of the spinal dorsal horn

Besides spinal neurons, glycinergic axons descending from brainstem nuclei (Antal et al.,
1996; Hossaini et al., 2012) may also substantially contribute to the glycinergic innervation of
the spinal dorsal horn by. Because we intended to identify glycinergic axon terminals of spinal
origin, we wanted to eliminate glycinergic terminals of brainstem origin from the dorsal horn.
Thus, to remove the descending glycinergic fibres we performed hemisection of the spinal cord
at the level of thoracic segments 11 and 12 (Figure 13) and the remaining glycinergic axon
terminals in the lumbar spinal cord ipsilateral to the hemisection were considered as terminals

of spinal origin.

Then, we counted the numbers of GlyT2 immunostained axon terminals in the L4-L5 spinal
segments of hemisected animals ipsilateral to the hemisection and compared these numbers to
the numbers of GlyT2 positive axon terminals counted in the same spinal segments of non-
operated wild-type B6 animals (Figure 25). The numbers of GlyT2 immunoreactive axon
terminals were counted both in laminae I-11 and lamina I11. In lamina I-11, in total 230 and 156
(15.2+3.3 and 10.4+1.9 in the individual sections; p < 0.001) immunostained axon terminals
were counted in non-operated mice and mice that underwent hemisection, respectively. In
lamina 111, in total 715 and 432 (54.0£5.3 and 28.9+3.4 in the individual sections; p < 0.001)
immunostained axon terminals were counted in non-operated mice and mice that underwent
hemisection, respectively. According to these results, we can conclude that at the level of L4-
L5 spinal segments roughly 68% and 60% of GlyT2 immunoreactive axon terminals were of
spinal origin in laminae I-11 and lamina 11, respectively, while the rest can be considered as
brainstem-origin. These findings also indicate that low thoracic spinal cord hemisection is
obligatory for the analysis of glycinergic axon terminals of spinal origin in the superficial
lumbar spinal dorsal horn. For this reason, only mice that underwent hemisection were used in

the following experiments.
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Figure 25: Effect of low thoracic hemisection on GlyT2 immunoreactivity of the lumbar spinal dorsal horn.
Micrographs of 1 um thick optical sections taken from the superficial spinal dorsal horn of non-operated (A) and
hemisected (B) mice at the L4 level and immunostained for GlyT2. The superficial spinal dorsal horn's layers

(laminae I, I, and I11) are denoted by Roman numbers. Bar: 10 pum.
5.8. Synapses made by GlyT2-IR axon terminals in laminae I-111 of the spinal dorsal horn

To observe synapses made by GlyT2 axon terminals, NiDAB-silver-gold staining method was
used, and it identified the presence of GlyT2-containing axon terminals with great precision
and very low background. Figures 26 and 27 show gold particles, the end-products of the
staining, labelling GlyT2-immunoreactive boutons. The gold particles were found at the
intracellular side of the peri-synaptic cell membrane and over synaptic vesicles, as it was
reported earlier (Spike et al., 1997; Ndfiez et al., 2009). In some cases, we also noticed gold
particles above mitochondria (Figure 26b, c), but this presumably nonspecific labelling caused
by the diffusion of the NiDAB reaction end product inside the labelled axon terminal. Although
the immunoreactive boutons' size and shape varied greatly, most of them varied in the range of
0.5 and 1.0 um. The labelled boutons made symmetric synaptic contacts. They contained

flattened and/or rounded vesicles, but dense-core vesicles were never observed within them.
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In total, 138 labelled boutons were collected from which 104 (75.4%) formed axo-dendritic
(Figure 264, b, c, d), 16 (11.6%) axo-somatic (Figure 26e, g), and 18 (13.0%) axo-axonic
synaptic contacts (Figures 26f, 27). From the 18 labelled boutons that formed axo-axonic
contacts, 7 were found in non-glomerular (Figure 26f) and 11 in glomerular (Figure 27)
synaptic arrangements. The size of the GlyT2 immunostained boutons was comparable to that
of the postsynaptic dendrites and axons in non-glomerular synaptic configurations. Spherical
vesicles and mitochondria were present in the postsynaptic axons of the non-glomerular axo-
axonic arrangements, but no dense-core vesicles were present (Figure 26f). The synaptic
glomeruli were defined as type Il due to the presence of electro lucent cytoplasm, several
mitochondria, and clusters of spheroid clear synaptic vesicles within the large central axons
(Figure 27) (Ribeiro-da-Silva and Coimbra, 1982; Ribeiro-da-Silva et al., 1989). In addition to
the GlyT2 immunoreactive axons, the central axon terminals of the synaptic glomeruli received
synapses from other non-immunoreactive axons and made asymmetric synapses with dendrites
(Figure 27).
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Figure 26: Synapses made by GlyT2 immunostained axon terminals. Electron micrographs showing axo-dendritic
(A-D), axo-somatic (E, G) and axo-axonic (F) synaptic contacts made by GlyT2 immunostained axon terminals
in laminae I-111 of the superficial spinal dorsal horn at the L4-L5 level of the spinal cord. Gold particles accumulate
at perisynaptic sites and over synaptic vesicles. a+: axon terminals immunostained for GlyT2, d: postsynaptic

dendrites, soma: postsynaptic cell body, a: postsynaptic axon. Arrows point to synaptic contacts. Bars: 0.5 um.
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Figure 27: GlyT2 immunostained axon terminals in glomerular synaptic complexes. Electron micrographs
presenting glomerular synaptic complexes in laminae 1I-111 of the superficial spinal dorsal horn at the L4-L5
segments of the spinal cord. Note that GlyT2 immunostained axon terminals make synaptic contacts with the
central axons of the glomeruli. GlyT2 immunoreactivity appears as accumulated gold particles at perisynaptic
locations and distributed over synaptic vesicles. c: central axon terminal of the glomerular synaptic complex, a+:
axon terminals immunostained for GlyT2, a: axon terminals negative for GlyT2, d: dendrites postsynaptic to the

central axon terminal. Arrows point to synaptic appositions. Bars: 0.5 pum.

5.9. Neurons receiving axo-somatic inputs from glycinergic axon terminals in laminae I-
i

As revealed by electron microscopy, most of the glycinergic inputs, were received by the
somato-dendritic compartment of neurons in laminae I-111 of the spinal dorsal horn. To identify
the types of interneurons that are targets of glycinergic inhibition, we used immunostaining
for GlyT2 and several cellular markers, such as CaB, PKCy, CR, GAL, nNOS, and PV, which
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have already been identified as markers of inhibitory and excitatory neurons in laminae I-111 of
the spinal dorsal horn (Antal et al., 1990; Todd, 2010; Peirs et al., 2015; Abraira et al., 2017;
Boyleetal., 2017; Todd., 2017; Smith et al., 2019; Hughes and Todd, 2020). As it was reported
earlier, neurons that can be labelled with these markers are heterogeneous in the sense that
many of these cellular markers label both excitatory and inhibitory neurons (Smith et al., 2015;
Gutierrez-Mecinas et al., 2019; Gradwell et al., 2022). Because we wanted to find out whether
glycinergic innervation is received by inhibitory or excitatory neurons, we carried out the
immunostaining on sections taken from Pax2:Cre-tdTomato transgenic mice, a strain that we
used in our FISH studies and in which the tdTomato labelling proved to be highly specific for
inhibitory neurons. Thus, we finally performed a triple immunostaining for GlyT2, the cellular

markers and tdTomato as the marker for inhibitory neurons.

Initially, we observed that the CaB and CR immunoreactive neurons significantly outnumbered
the other interneuron populations. In total, we found 356 and 346 neurons immunostained for
CaB and CR in the investigated sections, respectively (Table 6). PKCy and PV-containing
neurons were also found in large numbers, 242 and 192, respectively (Table 6). On the other
hand, however we revealed only 62 and 21 neurons in the same number of sections that were

immunostained for NNOS and GAL, respectively (Table 6).

Only 3.1% of the CaB-containing neurons expressed tdTomato. Thus, they can be considered
as excitatory neurons with high reliability (Table 6). The PAX2:Cre-tdTomato transgene was
absent from the majority of PKCy (86.8%) and CR (82.1%) immunoreactive neurons, but
tdTomato was expressed in the remaining neurons (Table 6). Therefore, even though the
majority of PKCy and CR-expressing neurons are excitatory, these markers are also expressed
by a considerable number of inhibitory neurons. On contrary, most of the GAL-expressing
neurons can be considered as inhibitory, since 90.5% of them were positive for tdTomato. Most
of CaB, PKCy, and CR positive neurons seems to be excitatory and most of GAL positive
neurons inhibitory, however, the inhibitory or excitatory nature of nNOS and PV neurons
cannot be identified so easily. Only about half of the nNOS and PV immunostained neurons,
58.1% and 45.3%, respectively, were positively labelled for tdTomato, while the other half was
negative for tdTomato. These findings, which essentially correlate with previous
investigations, provide strong evidence for the accuracy of our subsequent
immunohistochemical data (Simmons et al., 1995; Polgér et al., 1999; Hantman and Perl, 2005;
Sardellaetal., 2011; Tiong et al., 2011; Duan et al., 2014; Smith et al., 2015, 2016; Gutierrez-
Mecinas et al., 2019).
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Table 6: Number and percentage of neurons immunostained for CaB, PKCy, CR, GAL, nNOS, PV, and positive

or negative for PAX2:Cre-tdTomato transgene in laminae I-111 of the spinal dorsal horn.

CaB PKCy CR GAL nNOS PV
N° % N° % N° | % N° % N° % N° | %
Marker+/tdTomato+ 11 3.1 32 1132| 62 | 179 19 |905| 36 |581| 87 | 453
Marker+/tdTomato- 345 | 969 | 210 | 86.8 | 284|821 | 2 9.5 26 | 419 | 105 | 54.7
Total 356 | 100 | 242 | 100 | 346 | 100 | 21 | 100 | 62 100 | 192 | 100

Marker

Next, we wanted to find out which populations of interneurons make close axo-somatic
contacts with GlyT2-positive axonal terminals. Our main finding was that almost all groups of
interneurons that we studied formed close axo-somatic appositions with GlyT2 immunostained
axon terminals (Figures 28, 29). Several axo-somatic contacts were identified on CaB-, CR-,
nNOS-, and PV-positive excitatory (tdTomato negative) neurons (Figure 28). Only few
contacts were detected between GlyT2 immunostained axon terminals and the cell bodies of
PKCy-positive excitatory (tdTomato negative) neurons, instead, we found contacts on their
proximal dendrites (Figure 28e). Regarding excitatory (tdTomato negative) GAL-containing
neurons, we couldn’t detect any contacts between their cell bodies and GlyT2-positive axons
terminals, but due to the very low sample size for this marker (2 cells), this result is not
necessarily reliable. The somata of PKCy-, CR-, GAL-, nNOS-, and PV-positive inhibitory
(tdTomato positive) neurons were likewise in contact with GlyT2 immunostained axon
terminals in addition to excitatory neurons (Figure 29). Only CaB positive inhibitory (tdTomato
positive) neurons were not found to receive contacts from GlyT2 immunostained boutons.
These findings imply that glycinergic postsynaptic inhibition has a significant and variable
impact on the activity of almost all populations of excitatory and inhibitory interneurons in

laminae I-111 of the spinal dorsal horn.
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Figure 28: GlyT2 immunostained axon terminals make contacts with excitatory spinal interneurons. Close
appositions between GlyT2 immunoreactive axon terminals (cyan) and somata of CR, CaB, nNOS, and PV
immunoreactive (green), or proximal dendrites of PKCy immunoreactive (green) and PAX2Cre-tdTomato
(magenta) negative excitatory interneurons. Arrows indicate GlyT2 immunostained axon terminals making close

appositions with the labelled neurons. Bars: 10 pum.
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Figure 29: GlyT2 immunostained axon terminals make contacts with inhibitory spinal interneurons. Close
appositions between GlyT2 immunoreactive axon terminals (cyan) and the somata or proximal dendrites of PV,
CR, nNOS, PKCy, and GAL (green) immunoreactive and PAX2Cre-tdTomato (magenta) positive inhibitory
interneurons. Note the mixed colours of the somata of the illustrated cells. It is interesting to note that unlike in
cells positive for the other neuronal markers, in the nNOS positive neurons, nNOS immunostaining is restricted
to the peripheral portion of the cytoplasm, whereas tdTomato can be observed in the central part of the cytoplasm.
Arrows indicate GlyT2 immunostained axon terminals forming close appositions with the labelled neurons. Bars:

10 pm.

5.10. Axon terminals receiving axo-axonic inputs from glycinergic axon terminals in

laminae I-111

Electron microscopy revealed that 13.0% of GlyT2 immunoreactive axon terminals established
axo-axonic synapses. To identify the types of axon terminals that can be the targets of
glycinergic presynaptic inhibition in laminae I-111 of the spinal dorsal horn, we combined
GlyT2 immunostaining with 1B4-binding and immunolabelling for CGRP, VGLUT1 and
VGLUT2, markers of non-peptidergic nociceptive, peptidergic nociceptive, and non-

nociceptive primary afferents, and axon terminals of intrinsic excitatory spinal neurons,
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respectively (Li et al., 2003; Oliveira et al., 2003; Todd et al., 2003; Willis and Coggeshall,
2004, Ribeiro-da-Silva and De Korninck, 2009; Todd and Koerber, 2013).

Analysing 1 um thick confocal sections, we found that GlyT2-positive boutons did not form
axo-axonic contacts with CGRP- or VGLUT2-expressing axon terminals. However, we found
close appositions between GlyT2 and VGLUT1 immunoreactive as well as I1B4-binding axon
terminals (Figures 30, 31). All axo-axonic close appositions were found in inner lamina 11 and

lamina 111, according to the distribution of the postsynaptic axon terminals. However, GlyT2

immunoreactive axon terminals did not make axo-axonic appositions in lamina | and outer

Son®y

lamina I1.

Figure 30: Contacts between axon terminals immunoreactive for GlyT2 and VGLUT1. A-F. Micrographs of 1 um
thick laser scanning confocal optical sections presenting close appositions between axons immunoreactive for
GlyT2 (magenta) and VGLUT1 (green), a marker for non-nociceptive primary afferents. The yellow colour labels
the contact zones between the two types of axon terminals and may represent axo-axonic synapses observed with
electron microscopy. G. Micrographs of a short series of confocal optical sections double immunostained for
GlyT2 (magenta) and VGLUT1 (green) presenting contact between GlyT2 (magenta) and VGLUT1 (green)
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immunostained axon terminals shown in X-Y (Gb), X-Z (Ga) and Y-Z (Gc) projections. The contact zone between
the two labelled axon terminals (yellow) is at the crossing point of two lines indicating the planes through which
orthogonal views of the X-Z and Y-Z projections were drawn. Note that the contact zone between the two labelled

axon terminals (yellow) can be identified in all three orthogonal images. Scale bars: 0.5 um (A-F), 1 um (G).

Figure 31: Contacts between axon terminals immunoreactive for GlyT2 and binding I1B4. A-D. Micrographs of 1
pum thick laser scanning confocal optical sections showing close appositions between axon terminals
immunoreactive for GlyT2 (magenta) and binding 1B4 (green), a marker for non-peptidergic nociceptive primary
afferents. The yellow colour labels the contact zone between the two types of axon terminals and may represent
axo-axonic synapses observed with electron microscopy. E. Micrographs of a short series of confocal optical
sections double labelled for GlyT2 (magenta) and 1B4-binding (green) presenting contact between GlyT2
immunoreactive (magenta) and 1B4 binding (green) axon terminals shown in X-Y (Eb), X-Z (Ea) and Y-Z (Ec)
projections. The contact zone between the two labelled axon terminals is at the crossing point of two lines
indicating the planes through which orthogonal views of X-Z and Y-Z projections were drawn. Note that the
contact zone between the two labelled axon terminals (yellow) can be identified in all three orthogonal images.
Scale bars: 0.5 um (A-D), 1 um (E).
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5.11. Distribution of glycinergic axon terminals in post- and presynaptic positions

along the dendrites of PKCy- containing neurons

We have already identified the types of neurons that receive axo-somatic glycinergic inputs,
however, the dendrites of neurons receive the majority of the inhibitory inputs. Therefore, to
analyse how axo-dendritic glycinergic synapses are distributed along the dendritic tree, we
looked for a population of neurons that could be used as a model. Additionally, we intended
to evaluate the dendritic position of synapses made by primary afferent axon terminals, whose
function can be modulated by presynaptic glycinergic inhibition. Thus, we chose the PKCy-
containing neurons for this experiment because they are known to receive significant excitatory
inputs from primary afferents and are strongly inhibited by pre- and postsynaptic glycinergic
neurons (Miraucourt et al., 2007; Neumann et al., 2008; Lu et al., 2013; Peirs et al., 2014,
2015, 2020, 2021; Peirs and Seal, 2016; Artola et al., 2020; ElI Khoueiry et al., 2022).
Furthermore, their dendrites arborize in laminae Il and Ill, were the axo-axonic contacts
between GlyT2-positive, IB4-binding, and VGLUT1-positive axon terminals were found
(Mori et al., 1990; Malmberg et al., 1997; Polgar et al., 1999; Peirs et al., 2014; Todd, 2017).
Considering that 13.2% of PKCy-positive interneurons were identified as inhibitory (Table 6),
and that inhibitory neurons can be under different glycinergic inhibitory control than excitatory
neurons, we carried out triple immunostaining of sections from Prkcgtm2/cre/ERT2-tdTomato
animals for GlyT2, PAX2 and IB4-binding or VGLUT1. After being split into two groups, the
sections were stained with the proper combination of antibodies: 1) anti-GlyT2 + IB4-biotin+
anti-PAX2, and 2) anti-GlyT2 + anti-VGLUTL1 + anti-PAX2.

We studied 47 and 59 tdTomato-positive PKCy-containing neurons that received contacts from
IB4-binding or VGLUT1 immunoreactive primary afferents, respectively. Nine and 19 of the
PKCy-positive cells contacted by IB4-binding or VGLUTL1 immunoreactive axon terminals,
respectively, were also positive for PAX2 (Figure 32a, b, ¢). Most of the reconstructed neurons’
cell bodies were in laminae Il and 111 (93 of the 106 cells), while 7 were found in lamina I, and
5 in lamina IV. Surprisingly, neurons that received close appositions from primary afferents
that bind 1B4 were situated a little bit more dorsally than those that were in touch with VGLUT1
immunoreactive boutons. Regarding the distribution of the neurons’ cell bodies making
contacts with IB4-binding terminals, 7 of them were found in lamina I, 23 in lamina I, and 17
in lamina III. On the other hand, neurons’ cell bodies that received contacts from VGLUT1-
positive axon terminals were slightly deeper, 4 of them in lamina I, 50 in lamina I1l, and 5 in

lamina IV. A series of 1 um thick confocal sections were used to reconstruct the dendritic trees
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of all investigated neurons. Most likely because of the variable degrees of tdTomato expression
in the dendritic trees of the labelled neurons, the size of the reconstructed dendritic trees varied
greatly as well as its geometries were not uniform. Most of the neurons receiving contacts from
IB4-binding terminals presented a vertical/stalked cell morphology (Figure 32d), while the
majority of the neurons contacted by VGLUT1-positive axon terminals were classified as islet
or central cells (Figure 32e) (Gobel, 1978, Grudt and Perl, 2002).

For the cells stained for GlyT2 and 1B4-binding, 1520 and 1306 contacts made by GlyT2
immunoreactive and IB4-binding axon terminals, respectively, were identified on the
dendrites. Measuring the total lengths of the dendrites and combining this value with the
numbers of counted contacts, we calculated that 4.4+2.9 and 4.8+1.9 contacts were made by
IB4-binding and GlyT2 immunoreactive axon terminals in a 100 um long dendritic segment,
respectively. In the case of the cells stained for GlyT2 and VGLUT1, 1763 and 1019 close
appositions made by GlyT2 immunoreactive and VGLUT1 immunoreactive axon terminals,
respectively, were counted on the dendrites (Figure 32f, g, h, i). Combining the total lengths of
the dendrites with the numbers of contacts, it turned out that 2.5+1.3 and 4.5+2.3 contacts were
made by VGLUT1 and GlyT2 immunoreactive axon terminals, respectively, in a 100 um long
dendritic segment. Independent of the markers, the contacts were uniformly dispersed along
the dendrites and did not exhibit any signs of aggregation. Between PAX positive and PAX

negative neurons, there were no appreciable variations in these parameters.

Lastly, we explored the interactions between GlyT2 immunoreactive boutons and 1B4-binding
or VGLUT1 immunoreactive axon terminals making contacts with tdTomato-containing
dendrites (Figure 32j). We were not able to detect any GlyT2 immunoreactive axo-axonic
appositions on 22 of the 106 reconstructed cells (6 with 1B4-binding and 16 with VGLUT1
immunoreactive axon terminals). For the neurons on which there were GlyT2 terminals making
axo-axonic contacts, we found that 101 (9.2%) of the 1095 IB4-binding axon terminals making
close appositions with the labelled dendrites were contacted by GlyT2 immunoreactive
terminals. On the other hand, 126 (16.4%) of the 765 VGLUT1 immunostained axon terminals
making contacts with the labelled dendrites were contacted by GlyT2-positive terminals.
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Figure 32: Contacts between unmyelinated (IB4-binding) and myelinated (VGLUT1 immunostained) primary
afferents as well as GlyT2 immunoreactive axon terminals on tdTomato-labelled neurons in Prkcgtm2/cre/ERT2-
tdTomato mice. A-C: Micrographs of a single 1 um thick laser scanning confocal optical section presenting PAX2
(blue) immunostaining of the nucleus of a tdTomato (magenta) labelled PKCy-containing neuron. D-E:
Neurolucida reconstruction of the dendritic trees of PKCy (grey)-containing neurons making close appositions
with GlyT2 (blue) immunoreactive as well as IB4-binding (D) and VGLUT1 (E) immunostained axon terminals
(magenta). F-J: Micrographs of 1 um thick laser scanning confocal optical sections showing close apposition
between tdTomato (magenta) labelled dendrites of PKCy-containing neurons and VGLUTL1 (green; G, H, J) or
GlyT2 (blue, F, I) immunoreactive axon terminals. Note that the VGLUT1 immunoreactive axon terminal forming
a close apposition with a tdTomato labelled dendrite in inset J contacted by a GlyT2 immunostained axon terminal.

Arrows indicate the sites of contacts between the labelled structures. Bars: 10 um (A-E),1 um (J) 0.5 pm (F-1).
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6. Discussion
6.1. Specificity of GlyT2::CreERT2-tdTomato construction for the labelling of
glycinergic neurons in the spinal dorsal horn

The axonal membrane transporter GlyT2, responsible for glycine reuptake from the
extracellular space into axon terminals has been reported as a trustworthy marker for
glycinergic neurons in the spinal cord (Poyatos et al., 1997). Immunohistochemistry, in situ
hybridization, electron microscopy, and autoradiography studies have confirmed that this
transporter protein is present in all glycinergic neurons in the spinal dorsal horn (Luque et al.,
1995; Poyatos et al., 1997; Spike et al., 1997). In this study, we used the genetic construct of
mice expressing CreERT2 recombinase under the control of the GlyT2 gene
(GlyT2::CreERT2). The GlyT2::CreERT2 mice were then crossed with tdTomato reporter
mice, and the tdTomato expression was induced by intraperitoneal tamoxifen injection in the

offsprings.

Using this approach, the tdTomato labelling turned out to be highly specific for glycinergic
neurons. Almost all, 97.35 £ 2.38% of the tdTomato-labelled neurons in laminae I-1V were
also immunoreactive for PAX2, and every single one of them expressed GlyT2 mRNA,
indicating that the tdTomato-labelled neurons are indeed glycinergic. We must add, however,
that the tdTomato expression was highly dependent on the timing of tamoxifen injection. This
extremely specific labelling was observed when tamoxifen was administered on the 8 to 10
postnatal days (P8-10). After the tamoxifen injection on P8-10, all injected offspring survived
and the tdTomato expression was strong throughout the spinal dorsal horn. Tamoxifen injection
at P4-5 resulted in high mortality, while tdTomato expression following injections at P11-P12
was weak and observed in a limited number of neurons. Thus, our tdTomato labelling seems
to be close to perfect for qualitative analysis, but it is likely that we did not label all of the

glycinergic neurons.
6.2. Morphological characteristics

In laminae I-11, earlier studies of Lima and Coimbra (1986), and Grudt and Perl (2002) provided
a detailed morphological description of local interneurons. They described the morphology of
these neurons so accurately that their classification proposals, particularly the one of Grudt and
Perl (2002) are still valid. Our type 1, and type 2 neurons are very similar to the fusiform
neurons of Lima and Coimbra (1986), and islet and/or central neurons of Grudt and Perl (2002).

Type 3 neurons observed in our study resemble the multipolar cells of Lima and Coimbra
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(1986), and vertical cells of Grudt and Perl (2002). Therefore, our tdTomato labelled
glycinergic neurons in laminae I-11 appear to belong to the islet, central, and vertical cell
populations, as described originally by Grudt and Perl (2002). The findings of Maxwell et al.
(2007) and Yasaka et al. (2010), which indicated that all islet cells and a fraction of central and

vertical cells are inhibitory neurons, provide significant support for our results.

In laminae I111-1V, the morphological features of the tdTomato labelled neurons were more
diverse than in laminae I-11. This finding was in a good agreement, with the results of Abraira
et al. (2017), who described 11 types of interneurons in the deep dorsal horn. Others (Hughes
etal., 2012; Cui et al., 2016; Koch et al., 2017), however, showed that among these cells there
are neurons with morphologies that are very similar to those described by Grudt and Perl (2002)
in laminae I-11. Our morphological classification of laminae I11-1V glycinergic neurons are
supported by these earlier findings. Most of our reconstructed tdTomato-labelled neurons were
classified as type 1, which resemble islet cells, and our type 2 neurons shows dendritic arbour
similar to central cells of Grudt and Perl (2002). Our types 3 and 4 neurons are comparable to
Grudt and Perl’s (2002) vertical cells, and they are even more like the stalked and inverted
stalked neurons as these neurons were classified by Gobel (1978). Our type 5 neurons have
pyramidal perikaryon, which haven’t been mentioned in recent studies. Nevertheless, in an
early Golgi impregnation study, Réthelyi and Szentagothai (1969) identified pyramidal-shaped
neurons with cell bodies at the boundary between laminae I11 and IV and axons projecting into
lamina Il. In addition to these cell populations, we recovered a number of other tdTomato-
labelled neurons whose dendritic arborization did not correspond to any of the previously
identified cell types, and they even differed from one another. We put these neurons into one
group and identified them as type 6 neurons. The morphological variability of these neurons is
consistent with the general idea that the morphology of neurons is quite variable in the deep

dorsal horn.
6.3. Neurochemical markers

It is widely accepted that inhibitory neurons in laminae I-11 can be assigned to five almost non-
overlapping groups that can be distinguished from each other based on their neurochemical
markers: GAL, NPY, nNOS, PV, or CR (Boyle et al., 2017). It is also a general assumption
that all inhibitory neurons are GABAergic in laminae I-11, and some of the GABAergic neurons
may also release glycine as a neurotransmitter (Sardella et al., 2011; Tiong et al., 2011; Polgar
et al., 2013; Duan et al., 2014). Our current findings add some refinement to this general idea.
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Namely, we found that GlyT2 expressed in some nNOS- and PV-containing neurons. However,
we did not find any GlyT2 expression in GAL- and CR-containing neurons, and there was little,
if any, colocalization between GlyT2 and NPY. Therefore, GAL, CR, and nearly all NPY-
expressing inhibitory neurons are likely to be GABA-only neurons, while glycine may
colocalize with GABA in some nNOS- and PV-positive cells. On the other hand, however, we
found RET and ROR expression in some GlyT2 positive neurons, but RET and RORp have
not been reported as markers of GABAergic neurons in laminae I-11. Since in our FISH studies,
no glycine only neurons were found in laminae I-11, the GABAergic nature of the RET- and
ROR-containing neurons in laminae I-11 should be verified in future studies.

Inhibitory interneurons in laminae I1I-1V are generally considered to be substantially more
diverse compared to the ones in laminae I-11. Laminae I1l and 1V include large populations of
inhibitory neurons expressing RET (Cui et al., 2016) and RORp (Koch et al., 2017), but it is
also evident that some inhibitory neurons in these laminae also express PV and nNOS (Tiong
etal., 2011; Polgar et al., 2013). In addition to these, there must be more inhibitory neurons in
laminae 1I-1V, which cannot be distinguished by a single neurochemical marker; their
identification requires a combination of different markers identified by single-cell
transcriptome analysis (Haring et al., 2018; Sathyamurthy et al., 2018; Zeisel et al., 2018). Our
principal finding in laminae I1I-1V is that 56, 40, 12, and 6% of the tdTomato-labelled
glycinergic neurons are positive for RET, PV, RORp, and nNOS, respectively. It is also likely
that there might be other smaller populations of glycinergic neurons in laminae I11-1V that are

still waiting for proper neurochemical characterization.
6.4. GABAergic vs glycinergic inhibition in the spinal dorsal horn

There is general agreement that fast inhibitory neurotransmission is mediated by GABA and
glycine. It is, however, under continuous discussion what is the relative contribution of
GABAergic and glycinergic inhibition to spinal nociceptive/pain processing. According to the
traditional view, GABA is the universal inhibitory transmitter, the effect of which can be
modified in some cases by glycinergic events. This view indicates that there are two types of
fast inhibitory neurotransmission in laminae I-111 of the spinal dorsal horn: mediated only by
GABA and mixed GABAergic-glycinergic. In contrast to this, experimental evidence
continuously accumulates indicating that in addition to GABA-only and mixed GABA-glycine
events glycine-only inhibition also contributes in a substantial extent to inhibitory

neurotransmission in laminae I-11l. The debate between these two contrasting ideas were
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explicitly presented in a recent paper (ElI Khoueiry et al., 2022), in which GABAergic and
glycinergic inputs on PKCy-containing neurons were investigated in lamina Ili. They reported
that 91.7% of the inhibitory axon terminals contacting PKCy-immunoreactive interneurons
contained GAD, from which 42.2% also expressed GlyT2; therefore, glycinergic axon
terminals could be classified as a subgroup of GABAergic boutons. They found only 6.3% of
GlyT2-positive boutons that were negative for GAD. In the same study, however, they showed
that both GABAAa and glycine receptors were inserted in the postsynaptic membranes of 78.3%
of the investigated inhibitory synapses, and only 2.3% of the postsynaptic membranes were
positive only for GABAA receptors. On top of this, 70% of the quantal events were mediated
by either glycine-only or GABA-only synaptic transmission by recording sIPSCs and mIPSCs
from the same set of synapses. This major disagreement between morphological and
physiological findings, which is presented very clearly in this paper makes the interpretation
of data regarding the function of GABAergic and glycinergic inhibition in spinal pain

processing quite ambiguous.

Some of these previous findings are supported by our FISH data. We found that 32.9% of
PAX2 positive inhibitory interneurons in laminae I-11l that were positive for GAD65/67
MRNAs and negative for GlyT2 mRNA, indicating that they could only mediate GABAergic
synaptic inhibition. The rest of the PAX2 positive neurons (67.1%) in laminae I-I11 expressed
both GlyT2 and GAD65/67 mRNA, with GAD65/67 mRNA clearly dominating. Thus, it is
likely that axon terminals arising from laminae I-11l inhibitory interneurons can mediate
GABA-only or mixed GABA-glycine synaptic events. In contrast to this, however, we
demonstrated that less than half of the GlyT2 positive axon terminals show immunostaining
for GADG65/67, indicating that there might be glycine-only axon terminals in the superficial
spina dorsal horn in abundant number. This observation strongly confirms earlier physiological
findings suggesting that in lamina Il glycinergic inhibition is as strong, if not stronger, than
GABAergic inhibition. Taking our FISH results obtained in laminae I-I1l into account, the
glycine-only axon terminals in lamina I-1l can arise from inhibitory neurons located deeper
than lamina I11. Investigating GlyT2 and GAD65/67 mRNA expression in lamina IV, we found
that most of the PAX2 positive inhibitory neurons (89.8%) expressed both GlyT2 and
GAD65/67 mRNA and only a small percentage of neurons (3.7%) were positive only for GlyT2
mRNA. However, we also demonstrated that almost all double labelled neurons showed a
remarkable GlyT2 mRNA dominance with a weak GAD 65/67 mRNA expression. Thus, it is

likely that glycine-only axon terminals in laminae I-11 arise from glycinergic neurons in lamina
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IV that express exclusively GlyT2 mRNA, or express both GAD65/67 mRNAs with GlyT2
dominance. In neurons with high GlyT2 mRNA and low GAD65/67 mRNA expression, the
amount of GADG65/67 transported to the axon terminals and consequently the concentration of
GABA in the axoplasm can be so low that GAD65/67 could not be detected in our
immunohistochemical experiments, and the concentration of GABA in the axoplasm is
probably below the level what is necessary for vesicular GABA transporter (VIAAT) uptake
(Gomeza et al., 2003; Rousseau et al., 2008). Therefore, due to the lack or limited amount of
GABA in synaptic vesicles the postsynaptic action of GABA in these synapses cannot be
observed by physiological and pharmacological methods. Most probably the
immunocytochemical methodology used by El Khoueiry et al. (2022) was so sensitive that they
could detect extremely small quantities of peptides, such as GABAAa receptors and GAD, with
minimal or no functional significance. This concept obviously requires additional experimental

confirmation.

However, the potential contribution of glycine-only and glycine-dominant neurons in lamina
IV to spinal pain processing, in addition to that of neurons in laminae I-I1I, should not be
disregarded when pain-related synaptic events are considered in the spinal dorsal horn. Lamina
IV glycinergic neurons with their axon terminals in lamina I-I1l, e.g. pyramidal neurons
described first by Réthelyi and Szentagothai (1969), may be crucial in spinal nociceptive/pain
processing, e.g. in the onset of allodynia (Lu et al., 2013; Foster et al., 2015; Petitjean et al.,
2015; Peirs et al., 2021). That is, these inhibitory lamina IV neurons can be stimulated by Ap
primary afferents and project their axons to excitatory lamina Il neurons, such as PKCy- and
CR-positive neurons, that are components of neural circuits carrying Ap primary afferent

inputs to nociceptive projection neurons in lamina | (Lu et al., 2013; Peirs et al., 2021).
6.5. Synaptic targets of glycinergic inhibition in laminae I-111

As a number of previous results and our present findings suggest inhibitory axon terminals in
laminae I-111 of the spinal dorsal horn can release glycine alone or in combination with GABA.
In the present synaptological study, however, we examined GlyT2-containing axon terminals,
but we did not investigate glycine-only and mixed glycine-GABA terminals separately.
Consequently, we are unable to define whether the GlyT2-containing axon terminals that we
observed can release glycine only or both glycine and GABA. Therefore, our GlyT2-containing

axon terminals can be regarded simply as glycinergic.
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Glycinergic axon terminals in the spinal dorsal horn may arise from local spinal neurons or can
be terminals of axons that descend from brainstem nuclei (Antal et al., 1996; Hossaini et al.,
2012). Our results show that descending fibres of brainstem origin substantially contribute to
the glycinergic innervation of lamina I-111. According to our data, in laminae I-111, 32-40% of
glycinergic boutons are axon terminals of neurons located above the spinal cord. Therefore,
brainstem-derived glycinergic axon terminals must be removed before the examination of
glycinergic axon terminals of spinal origin. By performing a low thoracic hemisection, we
removed the descending axons, allowing us to conclude that in our synaptological experiments

only glycinergic terminals of spinal origin were studied.
6.5.1. Postsynaptic versus presynaptic inhibition

We demonstrated that GlyT2 immunoreactive axon terminals formed axo-dendritic, axo-
somatic, and axo-axonic synapses, affirming that glycine can mediate both post- and
presynaptic inhibition in the spinal dorsal horn (Todd, 1990; Hughes et al., 2012; Petitjean et
al., 2015; Abraira et al., 2017; Boyle et al., 2017). Our current findings acquired with the aid
of different experimental methods, revealed that 85-90% of GlyT2 immunostained axon
terminals made axo-dendritic and axo-somatic synapses as well as close appositions. Therefore,
our findings suggests that glycine-mediated postsynaptic inhibition must be significantly more
dominant than glycinergic presynaptic inhibition in laminae I-111. Our current findings further
show that, in contrast to glycine-mediated presynaptic inhibition, which may only influence
special sets of axon terminals, glycinergic postsynaptic inhibition must be a common functional
characteristic of neural circuits in laminae 1-111 of the spinal dorsal horn.

6.5.2. Targets of postsynaptic glycinergic inhibition

Numerous experimental findings have substantiated the significance of postsynaptic
glycinergic inhibition in the spinal processing of acute and chronic pain (Miraucourt et al.,
2007; Takazawa and MacDermott, 2010; Lu et al., 2013; Duan et al., 2014; Foster et al., 2015;
Imlach et al., 2016; Peirs and Seal, 2016; Takazawa et al., 2017; Peirs et al., 2020; ElI Khoueiry
etal., 2022). Most of these investigations have demonstrated that different groups of excitatory
interneurons are targeted by glycinergic postsynaptic inhibition, while glycinergic innervation
of inhibitory interneurons has been very rarely studied, if studied at all (Takazawa and
MacDermott, 2010; Smith et al., 2016; Gradwell et al., 2017; Liu et al., 2021). This is probably
the explanation for the lack of representation of glycinergic inhibition of inhibitory

interneurons in neural circuit models of spinal pain processing published till today. Despite
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this, in this study, we demonstrated that GlyT2 immunoreactive axon terminals formed close
somatic appositions with nearly all kinds of inhibitory interneurons in laminae I-111 of the spinal
dorsal horn, including PV-, CR-, GAL-, nNOS-, and PKCy- containing inhibitory neurons.
Therefore, glycinergic inhibition of inhibitory interneurons may be crucial in spinal pain
processing. For example, the glycinergic innervation of PV-containing inhibitory interneurons
can be seriously considered when their role in the development of allodynia is discussed
(Gradwell et al., 2017).

6.5.3. Targets of presynaptic glycinergic inhibition

Even though postsynaptic inhibition appears to be more frequent in laminae I-111 of the spinal
dorsal horn, presynaptic glycinergic inhibition may also alter the function of some well
definable primary afferents. Our current findings show that glycinergic neurons establish axo-
axonic synapses only with 1B4-binding and VGLUT1 immunoreactive axon terminals, which
correspond to nociceptive nonpeptidergic C and non-nociceptive myelinated A primary
afferents, respectively. It was previously demonstrated that these presynaptic glycinergic axon
terminals may arise from PV-containing inhibitory cells (Hughes et al., 2012; Petitjean et al.,
2015; Abraira et al., 2017; Boyle et al., 2017;), however, our current findings suggest that
glycinergic neurons in lamina 1V may also contribute to the presynaptic innervation of 1B4-
binding and VGLUT1 immunoreactive axon terminals in laminae II-111. It is quite remarkable
to notice that the primary afferent and glycinergic innervation of PKCy-containing neurons,
which play a significant role in the development of mechanical allodynia, show very interesting
characteristics. In agreement with previous reports, our results show that PKCy-containing
neurons in laminae I-1lo are innervated by 1B4-binding non-peptidergic nociceptive C fibres
(Todd, 2010), while PKCy-containing neurons in laminae Ili-1ll receive innervation from
VGLUT1 immunoreactive non-nociceptive myelinated AP fibres (Neumann et al., 2008; Lu et
al., 2013; Peirs et al., 2014; Abraira et al., 2017). As we have successfully demonstrated in this
study, a fraction of both sets of primary afferent inputs that make synaptic connections with
the two different populations of PKCy-containing neurons can be inhibited presynaptically by

glycinergic neurons.

On the contrary, Gradwell et al. (2017, 2022) showed that even though PV-containing
inhibitory interneurons (iPVINS) make axo-axonic presynaptic inhibitory contacts with non-
nocicpetive A5 and AP myelinated afferent fibres, iIPVINs mediate only postsynaptic

glycinergic inhibition, while iPVIN-derived presynaptic inhibition is exclusively mediated by
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GABA. Nevertheless, this finding by Gradwell et al. (2022) does not rule out the possibility
of presynaptic glycinergic inhibition. First, we were unable to identify any presynaptic axo-
axonic contacts made by GlyT2 immunoreactive terminals on one-fifth of the studied PKCy-
containing neurons. Therefore, within a population of neurons that can be recognized by a
specific neuronal marker, glycinergic presynaptic inhibition may have an impact only on some
of these neurons. Second, our results show that the majority (85-90%) of the GlyT2
immunostained axon terminals formed axo-dendritic and axo-somatic appositions, and only the
remaining terminals were found to make axo-axonic contacts. This finding clearly indicates
that glycinergic postsynaptic inhibition greatly surpass glycinergic presynaptic inhibition,
which may also mean that the majority of glycinergic neurons mediate exclusively postsynaptic
inhibition, and only some of them mediate both post- and presynaptic inhibition. Third, we
found axo-axonic close appositions established by the GlyT2 immunoreactive terminals on
roughly one-tenth of 1B4-binding and one-sixth of VGLUT1 immunoreactive axon terminals
of primary afferents making contacts with the investigated PKCy neurons. Therefore, we may
say that at cellular level, presynaptic glycinergic inhibition can be difficult to detect because of
its weakness. However, it is possible to hypothesize that glycinergic presynaptic inhibition,
even though being weak at the cellular level, may be crucial for locally targeting functionally

distinct subpopulations of primary afferent inputs.
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7. Summary

We studied the morphological and neurochemical properties, as well as the synaptic targets of
glycinergic neurons in laminae I-1V of the mouse spinal dorsal horn by using transgenic

technologies, immunohistochemistry, in situ hybridization, light and electron microscopy.

We showed that although cell bodies of glycinergic neurons were rare in lamina Il and only a
slightly more numerous in lamina I, axon terminals were densely distributed in these superficial
laminae, indicating that glycinergic neurons in the deeper layers of the dorsal horn send their
axons into laminae I-1l. The number of labelled neurons was higher in lamina Ill, but the

highest density was observed in lamina IV.

We demonstrated that there are at least 3 and 6 subtypes of glycinergic neurons showing
distinct morphology in laminae I-11 and I11-1V, respectively. According to the classification
scheme of Grudt and Perl (2002), all the labelled glycinergic neurons in laminae I-11 and many
of them in laminae HI-IV were identified as islet, central and vertical neurons. Cell
morphologies in laminae I11-1V, however, were more diverse; some labelled neurons in laminae
I11-1V resembled inverted stalked cells of Gobel (1978) and pyramidal cells of Réthelyi and
Szentagothai (1969), while the morphologies of others did not correspond to any of the

previously identified cell types.

laminae I-1T

laminae ITT-IV

Figure 33: Graphical summary of the distribution and morphologies of glycinergic neurons in laminae I-1l and

I11-1V of the spinal dorsal horn. See detailed description in the text.
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We showed that distinct populations of glycinergic neurons in laminae I-1V express neuronal
markers like PV, nNOS, RET and RORS.

First in the literature, we provided experimental evidence that there are glycinergic axon
terminals in abundant numbers in laminae I-11 that do not express GABA, and these glycine-
only axon terminals may arise primarily, if not exclusively, from neurons in lamina IV. Thus,
glycinergic neurons with cell bodies in lamina IV may contribute substantially to spinal pain

processing.

Our findings suggests that glycine-mediated postsynaptic inhibition must be significantly more
dominant than glycinergic presynaptic inhibition in laminae I-111.

Our results indicate that glycinergic postsynaptic inhibition, including glycinergic inhibition of
inhibitory interneurons must be a common functional characteristic of neural circuits
underlying spinal pain processing. On the other hand, it is possible to hypothesize that
glycinergic presynaptic inhibition, even though can be weak at the cellular level, may be crucial

for locally targeting functionally distinct subpopulations of primary afferent inputs.

A
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Figure 34: Graphical summary of the pre- and postsynaptic targets of glycinergic inhibition in laminae I-111. Axon

terminals of glycinergic neurons in lamina IV (dark magenta) may evoke postsynaptic inhibition on a wide range
of inhibitory interneurons (iIN in blue) and excitatory interneurons (eIN in light magenta) in both laminae Il and
I11, while presynaptic inhibition may be crucial for targeting some subpopulations of non-peptidergic nociceptive
C (dark green) and non-nociceptive A type (light green) primary afferents.
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