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The spinal cord dorsal horn occupies a key position in the central nervous system, as it
is the first site of integration of somatosensory input from the periphery. Local interneurons of
the dorsal horn process the incoming peripheral information while projection neurons relay it
to supraspinal regions via ascending pathways. However, the exact mechanisms through which
this occurs in normal or maladaptive states, and the neuron populations involved, remains to
be understood. Identification of the neuronal cell types present in the dorsal horn will enable
us to determine their functional organization. Thus, a goal of this thesis is to achieve a
consensus in the cell types and their classification.

To do this, we performed single-nucleus RNA-sequencing (snRNA-seq) of the Rhesus
macaque dorsal horn. Mapping out the cellular and molecular organization of the non-human
primate allows us to develop a reliable species-independent classification scheme for the cell
types that can then facilitate translation of rodent dorsal horn studies to primate. From the
snRNA-seq, we identified 11 excitatory neuronal clusters (GLUTs) and 5 inhibitory clusters
(GABAs). Based on the cytoarchitecture of the spinal cord, layers or laminae have been
described along the dorso-ventral axis, and these appear to correspond well with the functional
organization of neuron populations. /n situ hybridization revealed that a majority of the clusters
reside within specific lamina(e). A comparative analysis between clusters of the macaque and
mouse meta-analysis showed a strong correspondence between both species as well as several
interesting species-specific differences at the gene level.

An additional goal of this thesis is to describe a strategy for the identification of
regulatory elements in transcriptionally active regions of individual dorsal horn cell types using

single nucleus Assay for Transposase-Accessible Chromatin coupled with sequencing
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(snATAC-seq). We found that the snATAC-seq derived clusters correspond well with our
snRNA-seq clusters i.e., all 16 cell-types identified from the snRNA-seq have good
representation in the sSCATAC-seq data. These data further validate our proposed classification
scheme of dorsal horn cell types while also providing candidate regulatory regions that drive

expression in specific cell types.
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Preface

The work done in Chapters 2 and 3 of this thesis is under review at Neuron with the
title “A Comparison of the Cellular and Molecular Atlases of the Macaque and Mouse Dorsal

Horns.”

Appendix B contains data reprinted from “Mechanical Allodynia Circuitry in the Dorsal
Horn Is Defined by the Nature of the Injury” published in Neuron by Cedric et al. I performed
intraspinal injections in the mouse and in situ hybridization experiments to molecularly
characterize three different dorsal horn populations in the mentioned study. This work
complements the over-arching goal of this thesis which is to determine whether conserved

molecular cell types have conserved functional roles across species.

Appendix C contains a book chapter that I co-authored titled “Multiplex in situ
Hybridization of the Primate and Rodent DRG and Spinal Cord” for the book titled,
“Contemporary Approaches to the Study of Pain: From Molecules to Neural Networks.” This
work is currently in press. This book chapter provides a comprehensive overview of the in situ

technique employed in Chapters 2-3, with a special focus on primate tissue.

Appendix D contains a book chapter that I co-authored titled “The use of intraspinally
injected chemogenetic receptor, PSAM-GlyR, to probe the functional role of spinal dorsal horn
neurons.” This chapter is part of the same book described above and complements the rationale
highlighted in Chapter 4 for the investigation of dorsal horn neurons using a combination of

viral tools and chemogenetics.
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1.0 Introduction to the Spinal Cord Dorsal Horn

1.1 Structure and Cytoarchitectonic Scheme

The spinal cord, like other parts of the central nervous system, is composed of white
and gray matter. The spinal gray matter is butterfly-shaped and is divided into two horns: dorsal
and ventral, based on its location in relation to the central canal. In certain segments i.e., from
the first thoracic to the second lumbar segment and sacral segments 2-4 in humans, there is an
additional lateral horn, which lies adjacent to the central canal.

In 1952, Rexed divided the cat dorsal horn into six layers or laminae based on the
cytoarchitecture i.e., the size, shape, density and distribution of the neuronal cell bodies
(Figure 1) (Rexed, 1952, 1954). This lamination scheme has since been widely adopted in
many species as a standard reference system for investigations of the dorsal horn as well as the
spinal cord as a whole (Molander et al., 1984; Schoenen & Faul, 1990; Sidman et al., 1971).
Lamina I, also called as the marginal layer, was described by Rexed as “a thin veil of grey
substance, forming the dorsal most part of the spinal gray matter” (Rexed, 1952). Lamina II
which lies below lamina I, was previously named as the substantia gelatinosa, due to its
characteristic translucent appearance in unstained sections. Lamina II follows the shape of
lamina I as it curves around the lateral border of the dorsal horn and ends about half way down
the lateral edge. This lamina is thicker than lamina I, and in most species, is divided into an

inner (II;) and outer (Il,) zone. In the human dorsal horn however, the neurons in lamina II
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appear more homogenous and so there is no clear distinction between the inner and outer zones
(Schoenen & Faul, 2004). Together with lamina I, this forms the superficial part of the dorsal
horn. Interestingly, lamina II is thickest laterally in humans while in rodents, it is thickest
medially (Molander et al., 1984; Molander et al., 1989; Schoenen & Faul, 2004). Lamina III
lies ventral and parallel to lamina II and can easily be distinguished from the latter owing to
the presence of myelinated fibers in lamina III (Molander et al., 1984). Cells of lamina III are
less densely packed and larger in size compared to lamina II (Beal & Cooper, 1978; Schoenen
& Faul, 2004; Sengul et al., 2012; Szentagothai, 1964). Lamina III and IV correspond to the
dorsal and ventral parts respectively of the nucleus proprius of classical literature. Lamina IV
is thicker than the more dorsal laminae (I-11I), and extends from the base on the medial side of
the dorsal horn to the lateral edge. It is comparatively more difficult to distinguish the dorsal
and ventral borders of lamina IV. However, a distinguishing feature of this lamina is the
presence of some very large cells (Heise & Kayalioglu, 2009; Molander et al., 1984; Schoenen
& Faul, 2004). Laminae V and VI run straight across from the medial to lateral edge of the
dorsal horn and correspond to the ‘neck’ and ‘base’ of the dorsal horn from classical literature
(Brown, 1982). In human, cells of laminae V and VI are reportedly homogenous and hence
the two laminae are indistinguishable from one another (Schoenen & Faul, 2004). Lamina VI,
the most ventral layer of the dorsal horn, is present only in the cervical and lumbosacral
enlargements (Molander et al., 1984; Molander et al., 1989; Rexed, 1954; Sengul et al., 2012).
Laminae V and VI can each be divided further into a compact medial zone, where there are
small to medium-sized cells that are tightly packed, and a lateral zone consisting of large cells
and thick fiber bundles giving it a reticulated appearance (Rexed, 1954; Schoenen & Faul,
2004; Sengul et al., 2012).

Rexed’s laminar scheme continues to be the most commonly used classification system

for the spinal cord as subsequent studies have shown that neurons within each lamina possess



distinct dendritic architecture and chemoarchitecture. Importantly, the termination pattern of
primary afferents to the spinal cord, as well as the descending tracts from the brain to the spinal
cord, often respect the laminar boundaries, thereby suggestive of a functional organization for

the dorsal horn that largely depends on its laminar organization.

Figure 1. Rexed’s schematic drawing of the 7" lumbar spinal cord segment in adult cat.

1.2 Primary Afferents

Primary sensory neurons play a fundamental role in transducing information about the
mechanical, thermal and chemical states of the body, and transmitting it to the central nervous
system (CNS). Afferent neurons are pseudounipolar with an axon that bifurcates into a
peripheral process that innervates the skin, viscera, muscle or joints, and a central process that
extends to the spinal cord or brainstem. The cell bodies of primary afferents lie in the dorsal

root ganglia (DRG) or trigeminal ganglia (TG).



1.2.1 Classification of Primary Afferents

Cutaneous afferent fibers can be classified on the basis of diameter, myelination and
conduction velocity into three groups: i. Large, heavily myelinated AB-fibers (16-100 m/s) ii.
Medium, thinly myelinated Ad-fibers (5 — 30 m/s) and iii. Small, unmyelinated C-fibers (0.2 —
2 m/s) (Light, 1993; Perl, 1992). AB-fibers predominantly respond to innocuous mechanical
stimuli such as touch, vibration, pressure and texture (Mackenzie et al., 1975). However, some
AB-fibers also function as nociceptors (Djouhri & Lawson, 2004). In contrast to the AP
afferents, a majority of the Ao- and C- fibers are nociceptors or thermoreceptors. In general,
A-fiber nociceptor activation results in fast, sharp pain while nociceptive C-fibers signal a dull,
aching or burning pain (Beissner et al., 2010; Nagi et al., 2019). There are however certain Ao-
fibers (Those that innervate hair follicles) and C-fibers that respond to innocuous low-threshold
mechanosensation (Brown & Iggo, 1967; Burgess et al., 1968; Dhandapani et al., 2018; Li et
al., 2011; Olausson et al., 2002; Seal et al., 2009). Low-threshold mechanoreceptors (LTMRs)
respond to innocuous skin indentation, stroking, vibration and hair follicle deflection. Ad-
LTMRs along with C-LTMRs account for more than 50% of all cutaneous LTMRs that
innervate hairy skin (Abraira & Ginty, 2013).

Organization of the primary afferents based strictly on the aforementioned
characteristics does not provide sufficient specificity as there are several exceptions to this
broad classification scheme. Therefore, the field has taken advantage of histological and
transcriptomic approaches to identify molecular markers for primary afferent subsets (Chiu et
al., 2014; Li et al., 2016; Ma & Ribeiro-da-Silva, 1995; Perry & Lawson, 1998; Ribeiro-da-

Silva, 1995; Usoskin et al., 2015). This has provided an additional layer of specificity for



investigations into how specific classes of primary afferent neurons transduce somatosensory
stimuli.

Classically in mouse, nociceptors have been classified as peptidergic based on their
expression of calcitonin gene-related peptide (CGRP) or substance-P, or as non-peptidergic
based on their expression of the P2X3 purinergic receptor or surface a-D-galactose residues
which bind isolectin B4 (IB4) (Ju et al., 1987; Silverman & Kruger, 1990). While these two
populations are mostly distinct in the mouse, the same does not hold true for primates including
in human, where there is a large overlap in the expression of CALCA (Encodes CGRP) and
P2RX3 in the DRG (Kupari et al., 2021; Shiers et al., 2020; Shiers et al., 2021). A sub-
population of nociceptors which express transient receptor potential cation channel subfamily
V member 1 (TRPV1) responds to noxious heat and are activated by capsaicin (Caterina et al.,
1997; Nagy & Rang, 1999). Interestingly, a larger proportion of neurons express TRPV1 in
human DRG than in mouse, suggestive of a broader physiological role for these neurons in the
primate DRG (Shiers et al., 2021). Another sub-population of thermoreceptors/nociceptors are
those that express TRPMS (Part of the Trp family), and mediate cold and cold pain (Knowlton
et al., 2013; Peier et al., 2002). Transcriptomic analyses of macaque sensory neurons identified
neurons that correspond to the A3-LTMRs of mouse by their conserved gene expression
profiles (Kupari et al., 2021; Usoskin et al., 2015). In both species, these neurons show high
expression of Neurotrophic Receptor Tyrosine Kinase 2 (NTRK2) which encodes the TrkB
receptor. TrkB primary sensory neurons respond to rapid cooling of the skin as well as dynamic
stimuli (Dhandapani et al., 2018; Rutlin et al., 2014). Of note, these neurons are tuned to hair
deflection in the caudal-to-rostral direction and have also been found to be necessary to drive
touch-evoked pain (mechanical allodynia) in neuropathic pain states (Dhandapani et al., 2018;
Rutlin et al., 2014). C-LTMRs highly express vesicular glutamate transporter 3 (VGLUT3) and

tyrosine hydroxylase (TH) in mouse. This fiber type contributes to mechanical hypersensitivity



after injury and has also been found to code for pleasant touch sensation in humans (Loken et
al., 2009; Seal et al., 2009). Though C-LTMRs are present in primate sensory neurons, they
are not marked by TH or VGLUT3 expression but are instead characterized by high expression
of other genes such as visinin like 1 (VSNLI) or thyrotropin-releasing hormone receptor
(TRHR) (Kupari et al., 2021).

All of these above examples illustrate the neurochemical and functional diversity of the
primary sensory neurons. However, the coding properties of primary afferents are still poorly
understood. Despite the polymodal nature of primary sensory neurons, there is evidence of
certain ‘labeled-lines’ that convey information related to a single somatosensory modality to
the dorsal horn. This labeled-line theory on its own is perhaps insufficient to account for the
complexity of somatosensory perception. Another theory called population coding argues that
there is significant crosstalk between the labeled lines, in which synergistic or antagonistic

relationships between them modulate somatic sensation (Craig, 2003; Ma, 2010).

1.2.2 Primary Afferent Input to the Dorsal Horn

Neuroanatomical techniques and intra-axonal injections of horseradish peroxidase into
single axons provided the basis for classical studies on the central termination patterns of
primary afferents (Brown, 1982; Brown et al., 1977; Light & Perl, 1979b; Maxwell et al.,
1984). These studies illuminated certain organizational principles for somatosensory
processing. First, a somatotopic organization exists for the spinal cord that spans along both
the rostrocaudal as well as mediolateral axis. To exemplify, information from rostral body parts

such as the neck and forearm is processed by more rostral spinal cord segments than



information from caudal body parts such as the legs and feet. Along the mediolateral axis, input
from more distal sites such as the glabrous skin of toe pads enters into the medial half of the
dorsal horn while input from hairy skin of toes or from the proximally located thigh, enters
more laterally into the dorsal horn (Wilson et al., 1986). Second, primary afferent input to the
dorsal horn follows a modality-specific organization along the dorsoventral axis that largely
coincides with the laminar organization. Importantly, this organization of sensory neuron input
to the dorsal horn appears to be largely conserved across species (Light & Perl, 1979a).

In the spinal cord, A-fiber nociceptors synapse on to second-order neurons in laminae
I, IT and V while C-fiber nociceptors are found to synapse in laminae I-II. A remarkable
column-shaped somatotopic organization has been observed with the central terminations of
AB-, Ao- and C-LTMRs whose peripheral endings are associated with the same or adjacent
hair follicle (Li et al., 2011). The central endings of C-LTMRs form flame-shaped terminals
in lamina II;. AS-LTMRs innervate lamina II; as well as lamina III, and lastly AB-LTMRs
arborize in lamina I1I-V and the dorsal part of lamina VI. Thus, the central projections of these
LTMR classes occupy distinct but slightly overlapping positions across the dorsal laminae.
Some AB-LTMRs also send branches that ascend the dorsal column and synapse on to dorsal
column nuclei neurons, forming the “direct pathway”.

Primary afferents form either axo-axonic or axo-dendritic synapses with the spinal cord
neurons. Additionally, all primary afferents are presumed to use glutamate as a
neurotransmitter, and thus can mediate fast, excitatory synaptic transmission to certain dorsal
horn neurons (Broman et al., 1993; Schneider & Perl, 1988). Most of the myelinated primary
afferents innervating the deeper laminae contain the vesicular glutamate transporter 1
(VGLUTT) but some contain both VGLUT1 and VGLUT2 (Todd et al., 2003). On the other

hand, unmyelinated nociceptors appear to contain low levels of VGLUT?2.



1.3 Descending Input

Activity at various points of the dorsal horn circuitry is modulated by axons from
descending pathways. Briefly, there are two principal descending monoaminergic-containing
pathways which includes a serotonergic system that originates from the nucleus raphe magnus
and a noradrenergic pathway that originates from the locus coeruleus and other pontine regions.
These pathways are potentially involved in stimulation-produced analgesia (Reynolds, 1969).
Fibers from these descending pathways are found to terminate across all dorsal laminae.
Corticospinal fibers originating from the sensory cortex largely decussate in the lower medulla
and terminate in lamina III-VI (Brown, 1982). Descending control from the periaqueductal
gray (PAG) — rostral ventromedial medulla (RVM) system has also been widely studied for its
reportedly facilitatory as well as inhibitory influences on the dorsal horn. Thus, ongoing work
is focused on understanding how the descending pathways interface with the spinal nociceptive

pathway (Heinricher et al., 2009; Porreca et al., 2002).

1.4 Projection Neurons

Dorsal horn neurons are broadly classified into two groups, namely projection neurons
and interneurons, based on where their axons terminate. Projection neurons send axons

rostrally to terminate within different regions of the brain such as: thalamus, lateral



parabrachial nucleus (LPb), hypothalamus, PAG, lateral reticular nucleus, nucleus of the
solitary tract, caudal ventrolateral medulla (CVLM) and medial brainstem reticular formation
(Wercberger & Basbaum, 2019). In contrast, interneurons have axons that remain within the
dorsal horn. Projection neurons being the sole output cells of the dorsal horn, are therefore
important players in the spinal touch, pain and itch circuit.

Understanding the organizational principles of projection neurons and their role in
somatosensory processing is complicated by their relatively low representation in the dorsal
horn. These neurons make up only ~5% of lamina I neurons in rat and are sparsely scattered in
laminae I1I-VI, the lateral spinal nucleus (LSN) and around the central canal (Al-Khater et al.,
2008; Todd et al., 2000). A majority of the lamina I projection neurons project to contralateral
brain targets, however some cells do project bilaterally (Spike et al., 2003). Retrograde labeling
studies from LPb, PAG and CVLM showed that lamina I neurons could be labeled from more
than one of these brain regions and in the rat, nearly 85-95% of the projections to the LPb come
from lamina I in the lumbar dorsal horn through the dorsolateral funiculus. (Al-Khater et al.,
2008; McMahon & Wall, 1983; Spike et al., 2003). Additionally, all projection neurons are
thought to be excitatory (Broman, 1994; Littlewood et al., 1995).

The spinothalamic tract which is part of the anterolateral system plays an important role
in transmitting information about pain, temperature, crude touch and pressure to the
somatosensory area of the thalamus. Surprisingly in rodents, the proportion of lamina I neurons
in L4 that project to the thalamus is very low (<2% in rat) (Al-Khater et al., 2008). A
comparatively higher number of neurons project to the thalamus from lamina I in C7 than L4;
however, there are some discrepancies in what has been reported for the actual proportion of
neurons belonging to the spinothalamic pathway (Al-Khater et al., 2008; Yu et al., 2005). There
are also species-specific differences in what has been reported for the percentage of

spinothalamic neurons originating from the lumbar dorsal horn in rats, cats and primates (Al-



Khater et al., 2008; Carstens & Trevino, 1978; Craig, 2008). It is clear however, that there are
a greater number of spinothalamic neurons that are distributed across the dorsal laminae in the
primate lumbosacral enlargement compared to the rodent (Willis et al., 1979). Of note, several
of these reside in the lateral regions of lamina [ and V and project to the lateral thalamus (Willis
etal., 1979).

Another ascending pathway that has been described in many species including in
primates is the spinocervical tract (Baker & Giesler, 1984; Brown, 1982). This pathway
originates primarily from lamina IV but spinocervical tract neurons have also been observed in
laminae I, IIT and V in cat (Craig et al., 1992). The axons of these neurons ascend in the medial
and superficial parts of the dorsolateral funiculus, ipsilateral to the side the neurons are present,
and terminate in the lateral cervical nucleus in the upper cervical cord. Information relating to
light touch or noxious mechanical and thermal stimuli may be conveyed by the spinocervical

pathway (Brown, 1982).

1.4.1 Molecular Markers of Projection Neurons

To interrogate the functional roles of projection neurons, Neurokinin 1-receptor
(NK1R) has been the marker gene of choice since it is expressed by ~80% and ~90% of lamina
I projection neurons in rat and mouse respectively (Cameron et al., 2015; Todd et al., 2000).
These neurons have been categorized as fusiform, multipolar or pyramidal on the basis of their
cell body shape and dendritic characteristics in the rat, cat as well as primate (Yu et al., 2005;
Zhang & Craig, 1997; Zhang et al., 1996). NK1R is also expressed by 30-40% of the projection

neurons in deeper laminae (III-V). The deeper NKIR neurons are large-sized cells with
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dorsally directed dendrites which branch extensively in the superficial laminae (Mantyh et al.,
1995; Naim et al., 1997). Interestingly, it has been observed that these dorsal dendrites receive
numerous contacts from the nociceptive substance-P containing primary afferents (Naim et al.,
1997). Activation of these afferents can thus result in the release of substance-P which binds
to NK1R. Ablation of NK1R-expressing neurons by intrathecal administration of a cytotoxin-
saporin conjugated with substance-P resulted in a significant decrease in mechanical allodynia
and thermal hyperalgesia (increased sensitivity to noxious stimuli) in inflammatory and
neuropathic pain models (Nichols et al., 1999). However, these phenotypes cannot be attributed
specifically to projection neurons because there are dorsal horn interneurons that also express
NKI1R. Other studies have speculated that the intensity of the peripheral stimulus could dictate
the release of glutamate exclusively, versus glutamate together with substance-P from the
aforementioned afferents, and this subsequently could alter the excitability of the projection
neurons (Cao et al., 1998; De Biasi & Rustioni, 1988; Rusin et al., 1992).

More recently, studies have questioned the acceptance of NK1R-expressing projection
neurons as a homogenous population. Particularly because, spinothalamic lamina I neurons
have been shown to have diverse response properties due to convergent primary afferent input.
They can be broadly classified as nociceptive-specific (NS) if they respond to noxious heat,
pinch or both; thermoreceptive-specific (COOL) if they respond to cooling; polymodal
nociceptive (HPC) if they respond to noxious heat, pinch and noxious cold; and wide dynamic
range (WDR) if they respond in a gradient fashion to innocuous as well as noxious stimulation
(Allard, 2019; Craig et al., 2001; Davidson et al., 2012). Moreover, the failure of NK1R
antagonists to produce analgesia in clinical trials emphasizes the need to understand how the
seemingly functionally heterogenous population of projection neurons are recruited in chronic

pain or itch states (Hill, 2000).
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In one study, the projections of Tacrl/ (Encodes NKI1R)-expressing neurons were
compared to the projections of superficial dorsal horn neurons expressing G-protein coupled
receptor 83 (Gpr83) using transgenic mouse lines (Tacr!“**R1? and Gpr83¢r*ER™2) (Choi et al.,
2020). These two populations are largely non-overlapping and they both project to the LPb,
medial and posterior thalamic nuclei, lateral region of the PAG and the midbrain reticular
nucleus. They show distinct differences in their physiological properties; Tacrl
spinoparabrachial neurons preferentially respond to innocuous thermal stimuli and capsaicin
while Gpr83 spinoparabrachial neurons respond to mechanical stimuli (Choi et al., 2020). Both
however respond to noxious heat and cold stimuli. This can be explained in part by differences
in the primary afferent input to these neurons. Tacrl spinoparabrachial neurons as discussed
above for NK 1R, receive peptidergic nociceptive input while Gpr83 spinoparabrachial neurons
receive input from AS-LTMRs and both reportedly receive input from polymodal non-
peptidergic primary afferents labeled by mas-related G-protein-coupled receptor D (Mrgprd)
expression (Choi et al., 2020).

Another more recent mouse study performed a large-scale sequencing analysis along
with retro-TRAP (translating ribosome affinity purification) to examine and compare the
molecular profiles and functional characteristics of spino- and trigeminoparabrachial neurons
that are NKIR" with those that are NK1R™ (Wercberger et al., 2021). This study confirmed
previous findings that showed overlap of NK1R-expressing projection neurons with neurons
that express tachykinin 1 (7acl-encodes substance-P), Lypdl, or paired like homeobox 2A
(Phox2a) (Haring et al., 2018; Huang et al., 2019; Roome et al., 2020). Tacl-lineage neurons
in the spinal cord are found to be dispensable for reflexive-defensive behaviors but are involved
in coping behaviors associated with sustained pain and chloroquine-induced itch (Huang et al.,
2019). These results conflict with another study, in which a reportedly higher number of Tac/

neurons were silenced using a viral strategy resulting in a reduction in withdrawal response to
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cold and radiant heat but with no effect on withdrawal to chloroquine-evoked itch (Polgar et
al., 2020). Additionally, Polgar et al found that ~40% of the lamina I spinoparabrachial neurons
expressed Cre in the Tacl mice (Polgar et al., 2020). Nevertheless, neither study was able to
specifically examine the functional contribution of the projection neurons since 7acl is also
expressed by interneurons. There was also no distinction made between the functional
properties of the superficial versus deeper Tacl-expressing neurons. The transcription factor
PHOX2A, which is expressed throughout embryogenesis but is absent in the adult mouse
dorsal horn, labels a population of spinoparabrachial neurons (Alsulaiman et al., 2021; Roome
et al., 2020). These neurons also overlap with Tacl and LypdI-expressing projection neurons.
A subset of the Phox2a neurons have a small soma, weak NKIR expression, and may
correspond to the cool cells identified by Hachisuka et al that respond exclusively to cold
(Hachisuka et al., 2020). Genes that Wercberger et al found to be enriched in the NKIR"
projection neuron subset include cholecystokinin (Cck) in laminae III-IV, neuromedin B
(Nmb), corticotropin-releasing hormone (Crk) and neuronal pentraxin (Nptx2) in superficial

laminae (Wercberger et al., 2021).

1.4.2 Postsynaptic dorsal column neurons

Postsynaptic dorsal column (PSDC) neurons which reside in laminae III-IV and X, send
axons through the dorsal column to terminate in the brainstem dorsal column nuclei i.e., the
gracile and cuneate nucleus (Rustioni & Kaufman, 1977). Information related to innocuous
touch and visceral pain is thought to be conveyed via the ascending PSDC pathway which is

still poorly characterized (Hirshberg et al., 1996; Honda, 1985; Willis et al., 1999). We know
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that in mouse, PSDC neurons receive excitatory synaptic input largely from local interneurons
(60%) residing in laminae III-IV and AP primary afferents (34%), and to a lesser extent from
descending cortical input (6%) (Abraira et al., 2017). A sub-population of spinal cord neurons
that express the transcription factor Zinc finger protein 2- ZIC2 during development project to
the dorsal column nuclei (Paixao et al., 2019). Chemogenetic activation of ZIC2 PSDC neurons
resulted in an increased sensitivity to static stimuli (Using von Frey filaments) but did not affect
dynamic brush or thermal response (Paixao et al., 2019).

There is also evidence of interneurons that form intersegmental connections across a
short range (Bice & Beal, 1997; Liu et al., 2010). Though not well understood, they are
proposed to play a role in the coordination of limb movement.

Advances in viral strategies and the high-resolution obtained from sequencing
technologies have enabled us to make steady progress in identifying whether molecularly
distinct subsets represent functionally distinct populations. However, we are still limited in our
ability to manipulate and study projection neurons exclusively using the marker genes
identified thus far, because all of them are also expressed by interneurons. Furthermore,
projection neurons receive extensive synapses not only from primary afferents but also from
interneurons in the dorsal horn. Thus, in order to study how the information is coded by
projection neurons or alternatively, to determine whether modality-specific dorsal horn circuits
exist, it is pertinent to examine the organization of the interneurons and their role in gating and

modulating peripheral information.
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1.5 Interneurons

Dorsal horn neurons, like primary sensory neurons, are remarkably heterogeneous in
their morphology, electrophysiological properties, and neurochemical features as will be
highlighted in the following sections. Based on primary afferent input to the dorsal horn, we
observe a broad segregation in the functional organization where nociceptive input is processed
and transmitted by superficial dorsal horn neurons while touch and proprioceptive input is
processed by the deeper dorsal horn neurons. Apart from this, nociceptive information is also
conveyed to the ventral horn where it contributes to spinally-mediated nocifensive (protective
reflex produced in response to damaging stimuli) reflexes (Sivilotti & Woolf, 1994).

Within the dorsal horn, the balance between excitation and inhibition is critical for
normal sensory processing (Sivilotti & Woolf, 1994; Todd, 2010). Under normal physiological
conditions, there is a strong inhibitory control that prevents the recruitment of low-threshold
fibers into the nociceptive network (Peirs & Seal, 2016). However, disruption to this circuitry
can result in aberrant sensory experiences such as the development of neuropathic pain and its
associated symptoms — allodynia, hyperalgesia or spontaneous pain. Indeed, impairment in
inhibitory transmission at the spinal level has been shown to lead to allodynia (Sivilotti &
Woolf, 1994; Yaksh, 1989). Central sensitization has been described for the dorsal horn where
it manifests as an increase in membrane excitability and synaptic efficacy of neurons, coupled
with reduced inhibition in response to inflammation or nerve injury (Latremoliere & Woolf,
2009). While the field has started to probe the functional role of various dorsal horn interneuron
populations, our knowledge of the components and the circuitry underlying normal sensory
processing and in maladaptive states is still limited. Here I provide an overview of several

complementary approaches taken so far to determine dorsal horn cell types.
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1.5.1 Morphological and Physiological Classification of Interneurons

As described above for lamina I projection neurons, lamina I interneurons show similar
morphological classes i.e., pyramidal, fusiform and multipolar. Pyramidal neurons have a
triangular cell body while fusiform neurons have a spindle-shaped cell body with longitudinal
bipolar dendrites. Multipolar cells have a polyhedric or cuboidal cell body with four or more
primary dendrites (Lima & Coimbra, 1986; Zhang & Craig, 1997; Zhang et al., 1996). There
is a strong correspondence between the morphological features and physiological properties of
the lamina I neurons (Prescott & De Koninck, 2002). The physiologically defined classes
include: tonic cells which fire slowly and in a sustained manner; phasic cells which fire with a
high frequency burst; delayed onset cells which show a delay to spike, and single spike cells
which fire a single action potential. Fusiform cells are typically tonic, pyramidal cells could
be weakly correlated to phasic firing patterns and multipolar cells show delayed or single
spiking.

Lamina II neurons have vertical (previously called stalked neurons), radial, central or
islet morphology which can all be visualized in the sagittal plane (Grudt & Perl, 2002). Grudt
and Perl defined vertical cells as those with distinctive vertical orientation of dendrites. Most
vertical cells show tonic or delayed firing patterns, with some firing in a sustained but irregular
manner or with high-frequency bursts (Grudt & Perl, 2002). Radial cells have short, compact
dendrites that radiate in all directions. All radial cells show a delayed firing pattern with
irregular or high-frequency bursts of discharge (Grudt & Perl, 2002). Central cells are found
primarily in the middle of the substantia gelatinosa and have dense dendritic arbors that extend

in the rostro-caudal direction. Central cells have either tonic or phasic firing patterns. Islet cells
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are similar to the central cells but with dendritic arbors that extend for a greater distance in the
rostro-caudal direction. All islet cells display tonic firing patterns.

Laminae III-IV neurons have dendritic branches that extend dorsoventrally within these
laminae or extend into lamina II and in some cases lamina I. Additionally, in lamina IV, the
cells have dendritic trees that look like antennae and are characterized by dendritic spines
present predominantly on the dorsal dendrites (Schoenen, 1982; Schoenen & Faul, 2004;
Szentagothai, 1964). Laminae III-IV neurons also display tonic, phasic, delayed, irregular,
single or reluctant firing patterns (Abraira et al., 2017). Lamina V-VI neurons share similar
dendritic morphology where their dendrites extend dorsoventrally. These dorsal and ventral
extensions appear to be symmetrical (Schoenen & Faul, 2004).

While morphological and physiological properties may be used to broadly classify
neurons of one lamina over another; they are less reliable identifiers of individual cell types
because many of the neurons that share electrophysiological features show different
morphologies. There is also a significant proportion of lamina Il neurons that are “unclassified”
in terms of their morphology as they do not fit any of the criteria (Grudt & Perl, 2002).
Additionally, there are inconsistencies in the morphological classes of the superficial dorsal
horn reported across species when compared to Grudt and Perl’s classification scheme of the
hamster dorsal horn (Beal & Cooper, 1978; Gobel, 1978; Price et al., 1979). For example, in
the human substantia gelatinosa, islet cells were identified along with filamentous, curly and
stellate cells in the sagittal plane. (Schoenen, 1982). Thus, additional features such as the

chemoarchitecture of the neurons can be used to define neuron populations.
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1.5.2 General Features of Excitatory and Inhibitory Interneurons

Excitatory neurons account for nearly 74% of the total neurons in laminae I-II and 62%
of those in lamina III in the rodent (Polgar et al., 2013). Additionally, all excitatory neurons in
the dorsal horn are glutamatergic and express VGLUT2 (Oliveira et al., 2003). In lamina II,
excitatory interneurons predominantly have vertical or radial morphology (Lu & Perl, 2005;
Peirs et al., 2020).

Inhibitory neurons in the dorsal horn use y-amino butyric acid (GABA) and/or glycine.
GABAergic inhibitory interneurons are distributed mainly in laminae II-I1I, while glycinergic
neurons are found in lamina I and laminae I1I-V (Zeilhofer et al., 2012). There are however,
neurons in lamina III that utilize both GABA and glycine (Powell & Todd, 1992). A majority
of islet cells are GABAergic, but there are also some central, radial and vertical cells that have
been shown to be GABAergic (Maxwell et al., 2007; Zeilhofer et al., 2012). A few islet cells
in lamina III are reportedly glycinergic (Maxwell et al., 2007). In short, though all islet cells
are inhibitory and display tonic firing patterns; not all inhibitory neurons are islet cells or have
tonic firing properties.

The expression of certain transcription factors in the developing spinal cord plays an
important role in determining the excitatory versus inhibitory phenotype of dorsal horn
neurons. Some of these continue to express in adult such as the paired box gene 2 (PAX2),
gastrulation brain homeobox 1 (GBX1), T-cell leukemia homeobox protein 3 (TLX3) and the
LIM homeobox transcription factor 1 beta (LMXI1B) (Del Barrio et al.,, 2013). PAX2-
expressing neurons co-express genes found in GABAergic neurons such as glutamate

decarboxylase 1 and 2 (Gadl and Gad?), and vesicular inhibitory amino acid transporter
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(VIAAT encoded by Sic32al). TLX3- and LMX1B- expressing neurons are glutamatergic as
they co-express VGLUT2.

Lu and Perl proposed that a modular organization for dorsal horn neurons exists in
which particular combinations of neurons are frequently synaptically connected to amplify,
modulate or integrate primary afferent input (Lu & Perl, 2005). From whole-cell recordings in
sagittal slices, they observed unidirectional excitatory connections between transient central
cells of lamina II; to vertical cells of lamina Il,. Interestingly, they also observed functional
excitatory connections between the vertical cells of lamina II, to lamina I neurons, thereby
confirming previous assumptions obtained from morphological and physiological correlations.

(Bennett et al., 1980; Gobel, 1978; Lu & Perl, 2005).

1.5.3 Non-overlapping Classes of Neuropeptides and Other Populations

Examination of genes differentially expressed between excitatory and inhibitory mouse
dorsal horn neurons show that apart from those related to neurotransmitter synthesis and
signaling (Slc17a6, Gadl, Gad? etc.), there is an enrichment of genes encoding neuropeptides,
particularly in excitatory neurons (Das Gupta et al., 2021). In total, 13 neuropeptide genes were
found to be specifically enriched in excitatory neurons and 3 in inhibitory neurons. These
include adenylate cyclase activating polypeptide (Adcyap1), Cck, Crh, gastrin releasing peptide
(Grp), Nmb, neuropeptide FF (Npff), neuromedin S (Nms), neuromedin U (Nmu), neurotensin
(Nts), Tacl, Tac2, thyrotropin releasing hormone (7rh), urocortin 3 (Ucn3) among the
excitatory neurons and prepronociceptin (Pnoc), neuropeptide Y (Npy) and prodynorpin (Pdyn)

among the inhibitory neurons. Interestingly, Cck, Tacl, Grp, Tac2, Npff, and Nts show largely
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non-overlapping mRNA expression profiles that are spatially restricted to one or two dorsal
laminae from in situ hybridization experiments (Das Gupta et al., 2021). In contrast, other
genes — Adcyapl, Crh, Nmb and Nms show widely distributed but weak or no mRNA
expression in situ. Thus, this review will focus instead on what is known about the neurons that
express the remaining 12 neuropeptide genes, in addition to other classically studied

populations of the mouse dorsal horn.

1.5.3.1 CCK Neurons

CCK is expressed predominantly by interneurons and as a recent study discovered, is
also expressed by a small population of projection neurons (Abraira et al., 2017; Gutierrez-
Mecinas, Bell, Shepherd, et al., 2019; Peirs et al., 2021; Wercberger et al., 2021). These
neurons are concentrated in laminae II;-IV (Gutierrez-Mecinas, Bell, Shepherd, et al., 2019;
Peirs et al., 2021). CCK neurons display a unique combination of morphological and
physiological features that distinguish them from other interneurons present in laminae II;-IV
(Abraira et al., 2017). They reportedly show phasic and regular spiking action potential
discharge patterns from whole-cell patch clamp recordings of sagittal slices, and receive Ao-
LTMR and AB-LTMR primary afferent input, in addition to descending cortical and local
interneuron input (Abraira et al., 2017; Liu et al., 2018; Peirs et al., 2021). Genetic ablation of
CCK neurons resulted in a reduction in paw withdrawal response to noxious stimuli (pinprick
stimulation) as well as innocuous stimuli (evoked by brush) (Gatto et al., 2021). A single-cell
RNA-seq study of the mouse dorsal horn assigned Cck as a major marker gene of a population

of excitatory neurons (Haring et al., 2018). This population could be further split into three
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subsets (Marked by Cpne4, Maf or Trh expression) based on the similarity of their gene
expression profiles (Haring et al., 2018). Interestingly, chemogenetic silencing of the Cpne4
and Maf subsets of CCK neurons resulted in a reversal in static and dynamic mechanical
allodynia produced by inflammatory or neuropathic injury (Peirs et al., 2021). Furthermore,
activation of these same neurons produced a marked decrease in the paw withdrawal latency
in the Hargreaves thermal assay, suggestive of a role in heat hypersensitivity (Peirs et al., 2021).
A study by Liu et al showed that corticospinal inputs descending from S1/S2 somatosensory
cortex potentially facilitate mechanical allodynia by providing excitatory synaptic input to
CCK interneurons (Liu et al., 2018).

A sub-population of CCK neurons express VGLUT3 transiently (tVGLUT3) during
development. Ablation of VGLUT3-lineage neurons resulted in an increase in baseline
mechanical threshold measurements and a decrease in response to dynamic brush stimuli
(Cheng et al., 2017). Chemogenetic silencing of tVGLUT3 neurons did not affect acute
somatosensory behaviors except for a shorter latency to the sticky tape assay, similar to what
was seen with CCK neurons (Peirs et al., 2021). Under inflammatory or nerve injury,
chemogenetic silencing of tVGLUT3 neurons reversed dynamic allodynia but not static
allodynia. Importantly, this behavioral phenotype appears to be mediated primarily by the Maf
subset of CCK neurons (Peirs et al., 2021). Of note, pharmacological disinhibition using
inhibitory antagonists- strychnine and bicuculline in transverse spinal cord slices of global
VGLUT3 KO mice abolished polysynaptic EPSCs in lamina I NK 1R projection neurons (Peirs
etal., 2015). Thus, both tVGLUT3 as well as CCK neurons play an important role in converting

touch to pain through dorsally directed polysynaptic pathways.
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1.5.3.2 TRH Neurons

TRH neurons are sparsely distributed in lamina II; and the dorsal region of lamina III
(Gutierrez-Mecinas, Bell, Shepherd, et al., 2019; Peirs et al., 2021). Nearly 85% of Trh-
expressing neurons overlap with Cck; however, only a small population of Cck neurons co-
express Trh with in situ hybridization (Das Gupta et al., 2021; Gutierrez-Mecinas, Bell,
Shepherd, et al., 2019). The Trh subset of CCK neurons was not chemogenetically targeted in
the behavioral experiments conducted in CCK™ mice by Peirs et al, thus the functional role of
these neurons remains to be characterized (Peirs et al., 2021). However, almost all TRH

neurons (91%) co-express protein kinase ¢ gamma (PKCy).

1.5.3.3 PKCy Neurons

Early studies recognized PKCy interneurons as a distinct excitatory population since
PKCy immunoreactivity showed a concentrated plexus consisting of cell bodies and their
dendrites in lamina II; and III, with sparse labeling in lamina I and deeper laminae of the rodent
dorsal horn (Mori et al., 1990; Polgar et al., 1999). Subsequent characterization of these
interneurons, especially by transcriptomic studies, revealed that these neurons were more
diverse than originally assumed, and therefore composed of multiple sub-populations (Abraira
et al., 2017; Gutierrez-Mecinas et al., 2016; Haring et al., 2018). However, a consensus has not
been reached in the classification of PKCy neurons. Haring et al detected Prkcg mRNA across

several of the dorsal horn excitatory clusters while Sathyamurthy et al highlighted a single
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cluster (DE-4) containing nuclei with high and specific expression of Prkcg along with
calbindin (Calbl) (Haring et al., 2018; Sathyamurthy et al., 2018). A recently conducted meta-
analysis merged six published transcriptomic datasets of the postnatal mouse spinal cord which
includes the Haring and Sathyamurthy datasets, in order to reconcile the differences arising
from the studies (Russ et al., 2021). The meta-analysis assigned two clusters (Excit 03-04) to
a family that was defined by Prkcg expression and this Prkcg family contains nuclei that also
express neuropeptide genes- Cck, Trh, Sst and Nts in varying proportions. This analysis is
further complicated by results from a different study in which ~25% of PKCy neurons overlap
with PPTB (Encoded by Tac?2) (Gutierrez-Mecinas et al., 2016). Thus, it remains to be seen
how the different neuropeptide subsets of the larger PKCy population coordinate to contribute
to sensory processing within the dorsal horn.

As expected, PKCy neurons show diverse morphological features with a majority being
central cells but radial, vertical, unclassified and even islet cells have been observed, indicative
of a small population of inhibitory PKCy neurons (Peirs et al., 2021; Wang et al., 2020). PKCy
neurons display tonic, phasic, irregular, as well as delayed spiking patterns in response to
current injection (Abraira et al., 2017; Peirs et al., 2021; Wang et al., 2020). They receive input
from AB-, Ad-, and C-LTMR primary afferents, other excitatory and inhibitory interneurons,
and also from descending serotonergic pathways (Abraira et al., 2017; Alba-Delgado et al.,
2018; Lu et al., 2013; Peirs et al., 2021; Peirs et al., 2015; Wang et al., 2020).

Interestingly, mice with a deletion in the gene that encodes for PKCy show normal acute
nociceptive behavior, but a reduction in mechanical and thermal hypersensitivity following
partial nerve injury (Malmberg et al., 1997). Mechanical allodynia induced by strychnine was
reversed by intracisternal administration of a PKCy inhibitor in rats, providing further evidence
for the involvement of the PKCy enzyme in allodynia (Miraucourt et al., 2007). In 2013, Lu et

al demonstrated that PKCy interneurons receive subthreshold AP fiber input under
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physiological conditions but are gated by feedforward inhibition from lamina III glycinergic
interneurons using patch-clamp recordings (Lu et al., 2013). However, disinhibition by
application of strychnine or following peripheral nerve injury, A fiber activation produces
action potential firing in PKCy interneurons (Lu et al., 2013; Wang et al., 2020). Furthermore,
they proposed that in the onset of injury, the PKCy interneurons provide excitatory synaptic
input to lamina II transient cells which synapse on to vertical cells and eventually activate
NKI1R projection neurons (Lu et al., 2013). Additionally, inhibitory interneurons which express
the receptor tyrosine kinase (RET) in laminae I1I-V early in development are thought to provide
fee-forward glycinergic input to PKCy neurons (Cui et al., 2016). Peirs et al demonstrated for
the first time that acute inhibition of the PKCy interneurons themselves reverses static and
dynamic allodynia following neuropathic injury but not inflammatory injury in mice (Peirs et
al., 2021; Peirs et al., 2015). Thus, there is overwhelming evidence showing that PKCy
interneurons are critical to the allodynia circuitry and that neuronal populations belonging to
this circuitry are differentially recruited depending on the injury type (Peirs et al., 2020; Peirs

etal., 2021).

1.5.3.4 NTS neurons

As mentioned above, NTS neurons form a sub-population of PKCy neurons (~90% co-
express PKCy) and are primarily found in lamina II; and III (Das Gupta et al., 2021; Gutierrez-
Mecinas et al., 2016). Though this population has not been specifically targeted in persistent
pain models, we could speculate that it shares functional features with the larger PKCy

population. One study demonstrated that NTS-lineage neurons are sufficient for wind-up in
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lamina I spinoparabrachial neurons (Hachisuka et al., 2018). Wind-up is defined as a type of
facilitation that causes the response to repetitive stimulation of peripheral C-fibers to increase
with each stimulus (Herrero et al., 2000). Studies have speculated that in the context of injury,
wind-up or amplification of dorsal horn neurons to nociceptive input, could contribute to
central sensitization leading to hyperalgesia. However, these mechanisms are poorly
understood. Activation of NTS-lineage neurons resulted in an increase in paw withdrawal
response to brush stimulus; but ablating these neurons had no effect on paw withdrawal
responses to pinprick or brush assays (Gatto et al., 2021). It should be noted however, that the
neurotensin-lineage neurons capture a broader population than what has been observed by NTS

protein expression in adult mice (Gutierrez-Mecinas et al., 2016).

1.5.3.5 TAC1 Neurons

TACI neurons are found primarily in the superficial dorsal horn, and to a lesser extent
in the deeper dorsal horn (Dickie et al., 2019; Gutierrez-Mecinas et al., 2018). They are
predominantly excitatory neurons but a small proportion of inhibitory neurons have also been
observed to express Tacl or the protein it encodes- substance-P (Gutierrez-Mecinas et al.,
2018; Haring et al., 2018; Sathyamurthy et al., 2018). A majority of substance-P expressing
neurons in the superficial dorsal horn are radial cells with delayed firing patterns (Dickie et al.,
2019). Interestingly, apart from interneurons and anterolateral tract projection neurons, there
are substance-P expressing excitatory neurons that provide propriospinal input to the LSN
(Gutierrez-Mecinas et al., 2018). As mentioned earlier in the review under projection neurons,

the role of TACI1 neurons has been broadly investigated in the context of acute or sustained
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pain (Gutierrez-Mecinas et al., 2018; Huang et al., 2019). The presynaptic inputs to and
postsynaptic targets of TACI neurons also remain to be identified, though there is some
evidence suggesting that substance-P expressing neurons receive synaptic input mainly from
other excitatory interneurons, and to a lesser extent from descending input and/or unmyelinated
nociceptive fibers (potentially a subset of TRPV1 fibers) (Gutierrez-Mecinas et al., 2018;

Haring et al., 2018).

1.5.3.6 GRP Neurons

Grp 1s expressed by excitatory neurons (90% of Grp neurons overlap with VGLUT?2)
in lamina II with sparse distribution in lamina III (Das Gupta et al., 2021; Sun et al., 2017).
They are predominantly central cells with transient or single-spiking firing patterns (Albisetti
et al., 2019; Dickie et al., 2019). Studies surrounding GRP neurons and neurons expressing its
associated receptor-GRPR have challenged how itch versus pain is coded. Evidence for
labeled-line transmission can be seen from the existence of a class of itch-specific
unmyelinated neurons that respond to multiple chemical pruritogens (chloroquine, BAM 8-22
and SLIGRL), and express MrgprA3 (Han et al., 2013; Liu et al., 2009). Additionally, these
MrgprA3 primary sensory neurons form synapses with GRPR neurons in the dorsal horn (Han
et al., 2013). Ablation of Mrgpr43 primary sensory neurons or GRPR dorsal horn neurons
reduce or completely abolish itch response but spares pain response (Han et al., 2013; Sun et
al., 2009). One study challenged the view of MrgprA3 as a labeled-line for itch since at the
cellular level these primary sensory neurons are polymodal, and they proposed instead that

these neurons recruit different ion channels and engage divergent spinal cord pathways
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depending on the nature of stimulation (Sharif et al., 2020). Grp dorsal horn neurons receive
monosynaptic input from MrgprA3 primary afferents as well as other nociceptors (Sun et al.,
2017). Another study observed that in GRP::eGFP mice which express eGFP only in a subset
of Grp neurons, eGFP expressing cells receive excitatory synapses from MrgprA3, Mrgprd and
VGLUT3 (for cells in lamina II;) expressing primary afferents (Bell et al., 2020). Sun et al
demonstrated using mice where TRPV 1 was exclusively expressed by Grp dorsal horn neurons,
that increasing doses of intrathecal capsaicin (Acts through TRPV1) prolong the duration of
pain and itch response; however, pain responses decrease at very high capsaicin doses while
itch responses reach a plateau (Sun et al., 2017). Thus, they postulated a ‘leaky gate’ model in
which GRP neurons positively code for itch whereas high-intensity stimulation of these
neurons evokes a feedforward inhibition through enkephalin release to dampen pain
transmission. However, partial ablation of GRP neurons reduced itch responses but did not
alter thermal or mechanical nociceptive responses (Albisetti et al., 2019). Therefore, while
GRP neurons show a potential involvement in the spinal relay of itch signals, the circuitry

underlying this mechanism requires further investigation.

1.5.3.7 UCN3 Neurons

Ucn3 interneurons overlap extensively with Cck and Trh and are present in lamina I1I
(Das Gupta et al., 2021). Ucn3-lineage neurons co-express PKCy, calbindin, calretinin and
NPY receptor (NPY1R) in varying proportions (Pan et al., 2019). Additionally, a majority of
these neurons displayed initial bursting firing patterns. Mechanically evoked itch which has

been observed in humans as well as in mice is distinct from chemical itch (Akiyama et al.,
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2012; Fukuoka et al., 2013). Genetic silencing of dorsal horn Ucn3-lineage neurons attenuated
mechanical itch responses without affecting touch, thermal or pain sensation (Pan et al., 2019).
These neurons reportedly receive synaptic input from TLRS expressing AB-LTMRs and are

gated by NPY inhibitory interneurons (Pan et al., 2019).

1.5.3.8 TAC2 and NMU Neurons

Single-cell and single-nucleus RNA-sequencing studies of the mouse dorsal horn
combined with in situ hybridization identified two distinct populations of 7ac2 neurons- those
that co-express Nmu and those that don’t (Haring et al., 2018; Sathyamurthy et al., 2018). Both
populations are present in lamina II and to a lesser extent in lamina III. 7ac2-lineage neurons
in lamina II; which may include the Nmu subset, display delayed firing, initial firing, tonic
firing and phasic firing patterns and chiefly receive Ad and C-fiber input. In contrast, Tac2-
lineage neurons in lamina III mostly show phasic-bursting firing and receive AB-fiber input
(Chen et al., 2020). These lineage neurons are thought to be involved in mechanical itch
transmission under naive as well as dry itch conditions (Chen et al., 2020). It is likely that that
the developmental Ucn3 neurons and Tac2 neurons are engaged in the same spinal circuitry to
drive mechanical itch; however, it is less clear if there is redundancy in their functional roles.

Moreover, it has been reported that nearly 84% of neurokinin B (NKB — encoded by
the Tac2 gene) neurons in laminae I-II show calretinin immunoreactivity (Gutierrez-Mecinas,
Davis, et al., 2019). Excitatory calretinin neuron neurons have been shown to be important for
the transmission of mechanical allodynia induced by inflammatory pain (Peirs et al., 2021;

Peirs et al., 2015). Ablation of Tac2-lineage neurons did not alter acute somatosensory
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phenotypes nor pain behavior following nerve injury; however, it remains to be seen if Tac2

neurons relay touch-evoked pain in inflammatory pain conditions (Duan et al., 2014).

1.5.3.9 Calretinin Neurons

Calretinin neurons are mostly excitatory (~85%) and account for 30-40% of the total
neurons in the superficial dorsal horn (Gutierrez-Mecinas, Davis, et al., 2019; Smith et al.,
2015; Smith et al., 2016). This population is molecularly heterogeneous and thus could be
classified into molecular subsets based on overlap with TAC1, NKB, GRP or PKCy (Gutierrez-
Mecinas, Davis, et al., 2019). Alternatively, Smith et al described two distinct subsets of
calretinin neurons based on their morphological and electrophysiological properties; the
excitatory subset consisting of central, vertical or radial cells with predominantly delayed firing
patterns, and the inhibitory subset consisting mainly of islet cells with tonic firing patterns
(Smith et al., 2015). In general, calretinin neurons receive Ad- and C-fiber input (Peirs et al.,
2021). Additionally, the excitatory calretinin neurons receive GABAergic and glycinergic
inhibitory input and respond to noradrenaline and serotonin, while inhibitory calretinin neurons
mainly receive glycinergic input and respond to enkephalin (Smith et al., 2016). Calretinin
neurons are thought to be involved in several polysynaptic pathways or microcircuits (Peirs et
al., 2021; Smith et al., 2019). There is circumstantial evidence showing that calretinin neurons
receive excitatory input from deep dorsal horn neurons, and either directly or through
polysynaptic pathways involving somatostatin-expressing neurons recruit lamina I projection
neurons (Peirs et al., 2015; Smith et al., 2019). Optogenetic and chemogenetic activation of

calretinin neurons in vivo evoked nocifensive behavior (Peirs et al., 2015; Smith et al., 2019).
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Viral inhibition of calretinin neurons had no effect on acute somatosensory behaviors but
produced a significant reversal in static and dynamic allodynia induced by inflammatory injury

but not nerve injury (Peirs et al., 2021).

1.5.3.10 NPFF Neurons

NPFF is exclusively expressed by excitatory interneurons in laminae I and Il
(Gutierrez-Mecinas, Bell, Polgar, et al., 2019). Approximately ~38% of Npff neurons overlap
with Grp and 85.3% with somatostatin (Gutierrez-Mecinas, Bell, Polgar, et al., 2019). Though
poorly characterized, NPFF neurons do reportedly show p-ERK immunoreactivity (suggestive

of activation) in response to noxious stimuli (Gutierrez-Mecinas, Bell, Polgar, et al., 2019).

1.5.3.11 SST Neurons

Single-cell and single-nucleus RNA-sequencing studies show that Sst mRNA is
detected in virtually all excitatory clusters and may also be expressed by some inhibitory
neurons (Chamessian et al., 2018; Haring et al.,, 2018; Sathyamurthy et al., 2018).
Consequently, SST neurons are heterogeneous and composed of several of the populations
already discussed above. Genetic ablation of somatostatin-lineage neurons dramatically

reduced acute pain responses and mechanical (both static and dynamic) allodynia following
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inflammatory and nerve injury (Duan et al., 2014). SST neurons may also be involved in

chemical itch transmission (Fatima et al., 2019).

1.5.3.12 NPY Neurons

Inhibitory dorsal horn neurons have traditionally been divided into 5 largely non-
overlapping populations based on their expression of neurochemical markers — NPY,
parvalbumin (PV), DYN, calretinin, and neuronal nitric oxide synthase (nNOS) (Boyle et al.,
2017). NPY neurons are thought to account for ~33% of inhibitory neurons in laminae I-II and
25% of those in lamina III. A majority of Npy-lineage neurons display tonic firing patterns
(Bourane et al., 2015). Another study used NPY-GFP mice to characterize the morphological
properties of NPY neurons (Iwagaki et al., 2016). However, in these mice GFP
immunoreactivity overlapped with only 33% of NPY neurons in laminae I-II but overlapped
with ~82% of NPY neurons in lamina III, thus it marks only a subset of NPY neurons.
Surprisingly, the GFP expressing neurons showed unique morphological features that did not
fit into any of the standard classes and hence may be grouped under the ‘unclassified’ class
(Iwagaki et al., 2016). Ablation and chemogenetic silencing of Npy-lineage neurons in mice
resulted in scratching evoked by low-threshold mechanical stimuli (Bourane et al., 2015). It
did not however alter baseline mechanical thresholds or increase mechanical allodynia
following inflammatory injury. Yet another study attempted to target the NPY neurons using a
custom virus (AAV9.NpyP.tdTomato) approach in rats (Tashima et al., 2021). However, only
~40% of the tdTomato reporter-expressing cells showed NPY immunoreactivity. Thus, while

there is some evidence implicating a role for NPY neurons in gating mechanical itch and
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perhaps mechanical allodynia, specific and efficient targeting of these neurons must be

achieved before meaningful conclusions can be drawn.

1.5.3.13 PV Neurons

PV interneurons can be found in laminae II; and III with a vast a majority of them
(~70%) containing GABA and glycine (Abraira et al., 2017). Diverse approaches such as a
sophisticated classifier based on morphological features or Brainbow-labeling have been
applied to distinguish between the morphological characteristics of excitatory and inhibitory
PV interneurons (Abraira et al., 2017; Gradwell et al., 2021). Inhibitory PV neurons reportedly
have a larger soma and dendritic arbors that extend further along the rostro-caudal axis than
their excitatory counterpart (Gradwell et al., 2021). PV interneurons mainly exhibit tonic firing
and, in some cases, initial bursting firing patterns (Gradwell et al., 2021).

Of note, inhibitory PV interneurons form a significant number of axoaxonic contacts
with myelinated LTMRs (Except C-LTMRs) from glabrous as well as hairy skin (Abraira et
al., 2017; Boyle et al., 2019; Hughes et al., 2012). Optogenetic activation of PV neurons in
slices taken from PV;Ai132 mice result in monosynaptic as well as polysynaptic optogentically-
evoked postsynaptic currents (Gradwell et al., 2021). Interestingly, for inhibitory PV neurons,
bath application of bicuculline (GABAAR antagonist) diminished some optically-evoked
inhibitory postsynaptic currents (0IPSCs); while application of strychnine (GlyR antagonist)
reduced most of the oIPSCs, indicating that postsynaptic inhibition is mediated predominantly
by glycine. There is also circumstantial evidence showing that PV interneurons provide

convergent inhibition of vertical cells either directly or through presynaptic inhibition of
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myelinated primary afferents (Boyle et al., 2019). Collectively, these findings suggest that PV
interneurons gate innocuous and noxious input under physiological conditions. Indeed,
chemogenetic activation of PV neurons in PV::Cre;tdTomato mice increased baseline
mechanical thresholds and attenuated mechanical allodynia following nerve injury (Petitjean
et al., 2015). Ablation of these neurons with intrathecal administration of saporin induced
mechanical allodynia. While Petitjean et al speculated that this could be due to loss of inhibitory
control of PKCy neurons and reported a reduction in the number of contacts between PV
terminals and PKCy cell bodies following nerve injury, further studies are needed to investigate
if functional connections exist between both neuron populations (Petitjean et al., 2015).
Interestingly, optogenetic activation of excitatory PV neurons, many of which co-express Cck
(74.5%), resulted in cFos (neuronal activity marker) expression in lamina I-Il, neurons, which
suggests that excitatory PV neurons engage nociceptive circuits in the superficial dorsal horn

(Gradwell et al., 2021).

1.5.3.14 DYN Neurons

DYN neurons are mainly present in laminae I-1I, and a majority are GABAergic though
a glycinergic subset has also been detected (Boyle et al., 2017; Duan et al., 2014). Most galanin
cells are found to co-express DYN (Boyle et al., 2017). Surprisingly, excitatory dynorphin
neurons are restricted to the medial half of the dorsal horn in the L4 segment, which receives
input from glabrous skin (Boyle et al., 2017). In the rat however, excitatory dynorphin neurons
are distributed mediolaterally (Sardella et al., 2011). As expected DYN inhibitory neurons

display tonic firing patterns (Duan et al., 2014). DYN neurons in lamina I and I, reportedly
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receive monosynaptic and polysynaptic AP fiber input. Additionally, there are vertical cells
expressing DYN that send dendrites to laminae III-1V, where they may receive direct AP fiber
input (Duan et al., 2014). Ablation of inhibitory DYN neurons in the dorsal horn and in the
hindbrain Sp5 nucleus resulted in development of static and dynamic mechanical allodynia
(Duan et al., 2014). The functional role of excitatory DYN neurons is not clear, though there
is some evidence indicating that these neurons may be involved in regulating acute phase
hyperalgesia (Sapio et al., 2021; Varga et al., 2021).

The transcription factor BHLHBS is expressed in several dorsal horn neuron
populations during embryonic and early postnatal development (Ross et al., 2010).
Approximately 33% of the BHLHBS expressing neurons were identified as excitatory (Ross et
al., 2010). Bhlhb5 knockout mice developed skin lesions and exhibited heightened scratching
behavior in responses to pruritic agents (Ross et al., 2010). Of note, the inhibitory subset of
BHLHBS5 neurons were thought to be responsible for the itch phenotype. The same study
reported that baseline somatosensory responses and development of mechanical allodynia
induced by an inflammatory agent (carrageenan) were unaffected in the Bh/hb5 knockout mice.
Investigation of the neurochemical markers co-expressed by BHLHBS neurons revealed that a
significant proportion show immunoreactivity to the somatostatin receptor ssta,
galanin/dynorphin and nNOS, implicating a role for these sub-populations in mediating itch
(Kardon et al., 2014). Indeed, a more recent study showed that chemogenetic inhibition of DYN
dorsal horn neurons in mice results in spontaneous itch (Nguyen et al., 2021). Nguyen et al
proposed that intrathecal administration of morphine causes itch through disinhibition of DYN
neurons. Thus, the exact mechanisms through which DYN neurons inhibit nociceptive and/or

itch circuits remain unknown.
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Figure 2. Schematic Representation of Dorsal Horn Excitatory Neuron Populations Important for Pain
Transmission.

Neurons that express calretinin (CR), tachykinin 1 (TAC1), tachykinin receptor 1 (TACR1), G-protein-coupled
receptor 83 (GPR83), cholecystokinin (CCK), protein kinase ¢ gamma (PKCy) and neurotensin (Nts) are found
within the dorsal horn of spinal cord. CR neurons are found primarily in outer lamina II. Tacl and Tacrl are
expressed in both interneurons as well as projection neurons while Gpr83 projection neurons are present mainly
in lamina I. PKCy neurons situated in inner lamina II and lamina III mostly co-express CCK or NTS. Circles
depict interneurons and squares depict projection neurons. Circles with two colors represent overlap between the

two respective populations.

1.5.4 Other Classification Schemes

Several other classification schemes for dorsal horn neurons have been proposed in
addition to what has been described above. One study identified 11 interneuron populations
including those expressing CCK, Calretinin, PKCy and PV located in lamina ILi-IV, based on

their unique combination of morphological, electrophysiological and synaptic properties
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(Abraira et al., 2017). Another study proposed that sensorimotor reflex modules follow a
laminar organization in which laminae I-II neurons are involved in protective scratch
responses, laminae II-III neurons contribute to paw withdrawal behavior, and laminae III-IV

neurons are involved in corrective motor movements (Gatto et al., 2021).

1.6 Summary

The molecular diversity and functional complexity of the dorsal horn neurons highlight
the numerous potential targets available for the treatment of chronic pain and itch conditions.
Yet we have seen in the Introduction that many of the neuron populations that have been
characterized are defined by a neurochemical marker that labels a heterogeneous population
(E.g., PKCy neurons) or a developmental population that shows restricted or no expression in
the adult (E.g., Ucn3 neurons). Thus, a consensus in molecularly distinct dorsal horn cell-types
and their organization is required to reliably determine whether these molecularly discrete cell
types function as labeled-lines or work together to form functional modules along the
dorsoventral axis of the dorsal horn. Also, of consequence for translational utility, is an
understanding of the cellular and molecular organization of the primate dorsal horn.
Transcriptomic studies of human and non-human primate DRG neurons revealed important
differences in gene expression compared to mouse DRG neurons (Kupari et al., 2021;

Middleton et al., 2021; Ray et al., 2018).
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Thus, a goal of my thesis is to perform snRNA-seq of the Rhesus macaque dorsal horn
to identify the major cell types present as well as their laminar organization. A subsequent goal
is to compare the identified macaque neuronal cell types with the mouse meta-analysis derived
cell types to develop a species-independent cellular and molecular classification scheme of
dorsal horn neurons (Russ et al., 2021). I also examined the laminar distribution of
neuropeptides in macaque and human dorsal horn to see if a neuropeptide code such as that
observed in mouse dorsal horn exists (Das Gupta et al., 2021).

While there has been great advancement in our ability to manipulate specific
populations using transgenic mice and Cre-dependent viral strategies, there are still limitations
in targeting select populations with specificity (Arokiaraj et al., 2022). Additionally, to
translate mouse dorsal horn findings to non-human primate for proof-of-principal studies, we
require Cre-independent tools that can efficiently target distinct neuron populations. Thus, a
third goal of my thesis is to establish a resource of potential regulatory elements (REs) present
in the biologically active regions of the genome using single nuclear Assay for Transposase-
Accessible Chromatin combined with sequencing (snATAC-seq) (Buenrostro et al., 2015).
Putative REs can then be used in future experiments to drive gene expression in specific dorsal
horn neuron populations across species, and in a Cre-independent manner using viral vectors

for delivery.
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2.0 Single Nuclear RNA-sequencing of the Macaque Dorsal Horn

2.1 Introduction

The spinal cord dorsal horn is a principal site for somatosensory integration and
transmission not only for normal sensory processing but also for maladaptive states such as
chronic pain (Hughes & Todd, 2020; Koch et al., 2018; Peirs & Seal, 2016). Classification
schemes to describe neurons in the dorsal horn were initially based on major nuclear groups
that were organized in a dorsoventral orientation starting with the most dorsal edge, also known
as the marginal layer, followed by the substantia gelatinosa, the nucleus proprious and the
Dorsal Nucleus of Clarke. Bror Rexed in the early 1950’s, took into account the lamination
pattern of the neuronal cytoarchitecture, and redefined the classification as layers or laminae
that likewise extended dorsoventrally (Rexed, 1952).

Consistent with a laminar organization underlying a functional organization, central
terminals of functionally distinct classes of primary afferent fibers terminate within specific
laminae. Unmyelinated or lightly myelinated primary sensory neurons that sense temperature
or noxious stimuli terminate primarily in laminae I-II but some also send fibers to lamina V
(Al-Chaer et al., 1999; Al-Khater et al., 2008; Christensen & Perl, 1970; Lima et al., 1993;
Lima & Coimbra, 1986). Unmyelinated primary sensory neurons that transmit information
related to itch or innocuous mechanical stimuli terminate in lamina II, while myelinated fibers

that carry innocuous, tactile information terminate in inner lamina II to V, also known as the
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low threshold mechanoreceptor-recipient zone (LTMR-RZ) (Abraira et al., 2017; Arcourt et
al., 2017; Bai et al., 2015; Koch et al., 2018; Li et al., 2011; Light et al., 1979). Lastly,
myelinated afferent fibers that are primarily involved in proprioceptive pathways terminate in
the deeper dorsal horn which includes lamina VI in cervical and lumbosacral enlargements,
and in the ventral horn (Maxwell & Bannatyne, 1983; Maxwell & Riddell, 1999; Mears &
Frank, 1997). Thus, each lamina of the dorsal horn receives distinct modalities of sensory input
(Gatto et al., 2021).

Within the Rexed laminae are diverse types of interneurons and projection neurons that
make up the spinal microcircuits. The precise classification of individual cell types is critical
for delineating how the dorsal horn processes sensory information. Historically, interneurons
have been classified by their location, morphology, neuronal connectivity, neurotransmitter
and neurochemical type, and action potential firing patterns (Abraira et al., 2017; Boyle et al.,
2017; Chisholm et al., 2021; Graham & Hughes, 2020; Grudt & Perl, 2002; Gutierrez-Mecinas
et al., 2016; Lima et al., 1993; Lima & Coimbra, 1986; Maxwell et al., 2007; Todd, 2017).
However, even taking into consideration these features, the neurons remain highly
heterogeneous.

To determine the molecular cell types of the primate dorsal horn, we generated a high-
resolution single-nucleus transcriptomic map from Rhesus macaque. Owing to their close
evolutionary relationship to humans, nonhuman primates constitute an attractive animal model
for research. This work therefore provides an essential resource for fundamental mechanistic
investigations of non-human primate somatosensory processing as well as for translational

studies.
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2.2 Methods

2.2.1 Macaque spinal cord samples

All lumbar spinal cord samples used in this study were obtained from Macaca mulatta
provided by Dr. David Lewis at the University of Pittsburgh. The macaques were cared for
under the guidelines of the National Institute of Health. No prior manipulations to the spinal
cord were conducted in these macaques. Three 3-year-old male macaques (Identifiers: 93-17,
94-17, and 95-17) were used for single nuclear RNA-sequencing. Male and female macaque
lumbar spinal cord samples (Identifiers: 93-17, 94-17, 95-17, 337-16: Female-5 years, 328-16:
Female-5 years, 338-16: Female-4 years, 88-17: Male-4 years, 89-17: Male-4 years) were
utilized for in situ hybridization studies. Though we did not observe sex differences for any of
the genes using in situ hybridization, there is not enough statistical power to confidently assess

if there are sex differences due to the limited availability of macaque tissue.

2.2.2 Nuclear isolation and dissociation

Snap-frozen lumbar spinal cord segments were removed from -80°C storage and placed
into separate Petri dishes containing a cold slurry of dissection buffer consisting of 1x
Phosphate Buffered Saline (PBS, ThermoFisher Scientific; AM9625), 10% Dithiothreitol

(DTT, Sigma; 43816-50ML). From each animal, transverse sections (~50-75 mg) were made
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using a sterile razor blade. Three sections were selected for further dissection and the rest were
discarded. The sections were cut in the coronal plane at the middle of the spinal cord to obtain
dorsal and ventral halves. Any residual meningeal membranes were removed. The three dorsal
halves were retained and the ventral halves discarded. Nuclei were isolated according to
Martelotto with some modifications (Martelotto, 2020).The dorsal halves for each animal were
transferred into separate Dounce homogenizers (Sigma) containing 1 mL of ice-cold
homogenization buffer consisting of EZ Nuclei Lysis Buffer (Sigma; NUC101-1KT) with
0.5% RNasin Plus (Promega; N2615), 0.5% SUPERase-In (ThermoFisher; AM2696) and
ImM DTT. The samples were homogenized on ice using 20 strokes of Pestle A followed by
20 strokes of Pestle B. Any residual meningeal membrane was removed before switching
pestles. The homogenate was filtered through a 50 um filter (Sysmex; 04-004-2327) into a 2
mL microcentrifuge tube (Eppendorf; 022431048). An additional 0.5 mL of homogenization
buffer was used to wash the Dounce homogenizer and filter. The sample was then placed on
ice while the remaining samples were processed. The sample was centrifuged at 500g at 4°C
for 5 min to obtain a crude pellet containing spinal nuclei. The supernatant was removed and
discarded, being careful to not disturb the pellet. The pellet was resuspended in 1.5 mL of
Homogenization Buffer and allowed to sit on ice for 5 mins. The samples were again
centrifuged at 500g, 4°C for 5 min. The supernatant was removed and the pellet was
resuspended in 1 mL of Nuclei Resuspension Buffer (NRB) consisting of 1x PBS, 1% Bovine
Serum Albumin (BSA, Sigma; 2905-5GM) and 1% SUPERas-In followed by centrifugation at
500g, 4°C for 5 mins. This wash step was repeated twice more for a total of 3 washes. The final
pellet was resuspended in 0.5 mL of NRB containing 6 uM 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPI, ThermoFisher; D1306). The suspension was filtered through a 20 um

filter (Sysmex; 04-004-2325) into a polypropylene tube and kept on ice.
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Fluorescence Activated Nuclear Sorting (FANS) was performed to purify nuclei from
debris on a FACSAria II (BD). Gates were set to isolate DAPI" singlet nuclei based on forward
scatter and side scatter as well as fluorescence intensity. The instrument was set to 40 pounds
per square inch (psi) of pressure and a 70 um nozzle was used, with sterile PBS sheath fluid.
Nuclei were sorted into a 1.5 ml microcentrifuge tube containing 15 pl of NRB at 4°C. For
each sample, 18,000 events were sorted into the collection tube. The sorted nuclei and NRB
total volume were approximately 45 ul, allowing for the entire loading of the suspension into
the Chromium Single Cell 3 v3 solution (10x Genomics) without any further manipulation.
10x libraries were processed according to the manufacturer’s instructions. Completed libraries

were run on the Novaseq 6000 (Illumina).

2.2.3 Data and Statistical Analysis

2.2.3.1 Alignment

Becl files were converted to fastq format using the cellranger mkfastq command line
tool. Fastq reads were then aligned to Mmul10 genome and quantified into a raw UMI count
matrix using the STAR aligner with the -solo option (Dobin et al., 2013). A custom
transcriptome annotation that we previously developed was also given as input to the STAR

aligner (He et al., 2021).
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2.2.3.2 Quality control filtering

Each biological replicate underwent a separate but standardized quality control (qc)
filtering, whereby empty droplets were removed using the defaultDrops function, which is a
quantile filtering approach based on number of UMIs, with default parameters in the
DropletUtils package (Lun et al., 2019). Doublet filtering was also performed using the
cxds _bceds _hybrid function, which uses a hybrid approach utilizing artificial generated doublets
and unlikely coexpression pairs, with a cutoff of 1.0 in the SCDS package (Bais & Kostka,

2020). After both rounds of filtering 12,243 cells were left across all 3 replicates.

2.2.3.3 Normalization

The filtered digital gene expression (DGE) matrices were then loaded into Scanpy to
perform the preclustering needed for Scran normalization (Lun, McCarthy, et al., 2016; Wolf
et al., 2018). Each biological replicate DGE was then normalized with log counts per million
normalization, and denoised using iterative pca with 50 components. The actual preclustering
was done via the Leiden community detection algorithm using Scanpy’s Leiden function
(Traag et al., 2019). All 3 biological replicates were then co-normalized using the
computeSumFactors function in Scran and normalize function in Scuttle with the preclusters
as input (McCarthy et al., 2017). The size factor normalization that was used was chosen for
its ability to handle sparse single cell data which may have cell types with different expression

values (Lun, Bach, et al., 2016).
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2.2.3.4 Integration of neuronal cells and clustering

Post normalization clustering was performed again using Scanpy’s Leiden function
(Traag et al., 2019). The clusters were classified into oligodendrocytes 1 and oligodendrocytes
2, neurons, astrocyte 1 and astrocyte 2, oligodendrocyte precursor cells, microglia, meninges,
ependymal cells and Schwann cells based on the expression of established marker genes.
Neuronal clusters were then selected using the marker gene RBFOX3, which left a total of
2,698 cells across replicates. Data integration across biological replicates and neuron filtered
gene expression matrices were performed using the integrate scanpy function in Scanorama,
which uses a panoramic stitching algorithm to integrated datasets by producing a batch
corrected cell-cell distance graph (Hie et al., 2019). Leiden community detection was then
performed with a resolution of 1.0 on the batch corrected cell-cell distance graph to get an
initial integrated clustering (Traag et al., 2019). It is important to note that while the Scanorama
batch corrected data was used for clustering and integration, the ‘un-corrected’ data was used
for marker gene and differential expression analysis to reduce possible bias that may have
occurred during batch correction. Our initial clustering was organized into a dendrogram using
ward hierarchical clustering. Further refinement of these clusters was performed by splitting
clusters that had both excitatory and inhibitory markers (SLC1746 and SLC32A41 respectively).
We computed a midVentral and dorsal score for each cluster based on the average z-score
scaled expression of genes that have a high discriminative ability (AUROC) between the spinal
cord regions as computed by previous studies (Sathyamurthy et al., 2018). Two of the macaque
clusters were thus grouped into a single cluster labeled midVentral. This cluster is excluded
from our analysis of the dorsal horn populations as it lies outside our region of interest. The

final list of dorsal horn clusters included 11 excitatory clusters and 5 inhibitory clusters.
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2.2.3.5 Marker gene selection

A combination of methods was used for the marker gene selection for the clusters. A
binary matrix was constructed by thresholding the normalized gene expression values at a
threshold of 0.2. The binary matrix was then used to compute the precision and sensitivity of
each gene for each cluster. In addition, the top differentially expressed genes were computed
using the rank gene groups function in Scanpy, and Wilcoxon rank-sum (Mann-Whitney-U)

test. From this list, we removed genes that were co-expressed in non-neuronal cells if possible.

2.2.4 RNAscope® in situ hybridization

Fresh frozen lumbar spinal cord tissue samples were harvested from 3-year-old male
and female macaques perfused with aCSF. The tissue was immediately placed in OCT and
frozen on dry ice. L4-L6 lumbar spinal cord was sectioned using a cryostat at 20 um thickness
on to Superfrost-charged slides and stored in -80°C until the start of the assay. In situ
hybridization was performed according to the Multiplex v2 Fluorescent (Advanced Cell
Diagnostics) protocol for fresh frozen tissue after fixing the slides with cold 4%
paraformaldehyde (PFA) for thirty minutes (Ferreira et al., 2022; Wang et al., 2012).The probes
were designed and purchased from Advanced Cell Diagnostics. Signal amplification was
carried out using the TSA Fluorescin, Cyanine 3 and Cyanine 5 reagents from Akoya

Biosciences at 1:1500.
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Combinations:

GLUTI CRHR?2 (452041-C1); COLI3A1 (865661-C2)
GLUT2 NMUR?2 (582881-C1)

GLUT3 TAC3 (520901-C1); NMU (837871-C2)
GLUT4 COL5A2 (866291-C1); PAX2 (837981-C3)
GLUTS COL2441 (865991-C1); NMBR (821681-C2)
GLUT6 TACI (837891-C1); ANOSI (866021-C2)
GLUT7 COL21A41 (365681-C1); MAF (865691-C2)
GLUTS MAFA (865701-C1); RBFOX3 (486781-C3)
GLUT9 ADAMTS16 (865791-C1); TLL2 (865801-C2)
GLUTI10 OTOGL (865981-C1)

GLUTI!1 and GABAS PDYN (838041-C1); PAX2 (837981-C3)
GABAI MASPI (866041-C1); PAX2 (837981-C3)
GABA2 GDNF-ASI (866051-C1); RREB1 (866331-C2)
GABA3 NPY (535471-C1); RREBI (866331-C2)
GABA4 MET (546191-C1); PTN (866131-C2)

2.2.4.1 Image acquisition and quantification

For macaque spinal cord experiments, representative images were acquired at 10X
magnification using the Nikon AIR and Nikon’s NIS-Elements imaging software and
processed with ImagelJ. Images taken for quantitative analysis were acquired using Nikon
Eclipse 800. Laminar boundaries for the images were drawn with the Canvas X software using

Atlas of the Spinal Cord: Mouse, Rat, Rhesus, Marmoset and Human as a reference. The
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substantia gelatinosa of the primate dorsal horn is also easily recognizable due to its translucent
nature and hence was used to demarcate the boundary between laminae II and III. For the
quantitative analysis, cells with more than three puncta were manually counted as positive. In
order to account for the presence of lipofuscin in the macaque spinal cord tissue, the 488
channel was left blank i.e., no probe or fluorophore was added, and this was used for

background subtraction.

2.2.5 Data and code availability

The code and Jupyter notebooks used for the analysis of the macaque snRNA-seq has
been made available at Github repository
https://github.com/pfenninglab/dorsal horn snrnaseq. Additionally, the macaque dataset can
be accessed through an R shiny application
(https://seallab.shinyapps.io/dorsalhornseq/). This Shiny application was created using a Shiny

Cell package (Ouyang et al., 2021).
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2.3 Results

2.3.1 Major cell types of the macaque dorsal horn

To determine the cellular and molecular organization of the macaque dorsal horn, we
performed single-nuclear RNA sequencing (snRNA-seq) on lumbar tissue (L4-5) harvested
from young adult (3-year-old) male Rhesus macaques (n=3) using the 10X Genomics
Chromium platform. For the isolation of the dorsal horn nuclei, the spinal grey matter of each
animal was dissected, transected at the central canal and mechanically dissociated (Figure 3A).
Deep sequencing of the single cell libraries produced an average of ~50M reads per animal. To
optimize alignment of the reads to the macaque genome (Mmull0), we employed a custom
annotation method that resulted in 91% of the reads mapping to genes (He et al., 2021). After
the removal of doublets and mitochondrial reads, 12,243 nuclei were retained for further
analyses. The three biological replicates were then co-normalized to remove cell-specific read
sampling biases using Scran and subsequently integrated and batch-corrected with Scanorama
(Figure 4A) (Hie et al., 2019; Lun, McCarthy, et al., 2016). Nuclei were assigned to their cell
type based on the expression of well-established marker genes and we detected on average
1,720 genes and 3,700 UMIs per cell type (Figure 4B-C) (Sathyamurthy et al., 2018). For
example, 2,698 neurons were identified by the expression of RNA Binding Fox-1 Homolog 3
(RBFOX3), and thus comprised ~22% of the total number of nuclei (Figures 3B-C).
Oligodendrocytes, identified by the gene encoding Myelin Basic Protein (MBP), comprised the
largest class (~39%). These cells could be further sub-clustered into two groups based on the

expression of quinoid dihydropteridine reductase (ODPR) in one case and Dpy-19 like C-

48



mannosyltransferase 1 (DPY19L1) together with S100 calcium binding protein B (S/00B) in
the other (Figures 3B-C). Astrocytes were present in about the same numbers as neurons and
were also sub-clustered into two groups based on high (Astrocyte 1) or low (Astrocyte 2)
expression of Glial fibrillary acidic protein (GFAP). Oligodendrocyte precursor cells,

microglia, meninges, ependymal cells and Schwann cells all made up smaller individual

clusters.
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Figure 3: Major cell types of the macaque dorsal horn

A. Schematic overview of the single-nuclear RNA-sequencing (snRNA-seq) experimental workflow of the
macaque lumbar dorsal horn. B. Pie chart representation of the contribution of each major cell type present in the
macaque dorsal horn which includes oligodendrocytes, neurons, astrocytes, oligodendrocyte precursor cells
(OPC), microglia, meninges, ependymal cells and Schwann cells. C. Heatmap of the normalized mean expression
of key marker genes used to identify each major cell type. The size of the circles depicts the percentage of cells

within each cluster that express the gene.
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Figure 4: Quality metrics for nuclei obtained from three biological replicates

A. UMAP visualization of the dorsal horn nuclei from three biological replicates after co-normalization.

B. Violin plot showing the number of genes across the major cell types. C. Violin plot showing the

number of UMIs across the major cell types.

2.3.2 Transcriptomically defined neuronal clusters

To analyze the neurons in more detail, we sub-clustered them into sixteen finer

resolution clusters (Wolf et al., 2018). The resulting clusters could be broadly categorized as

either excitatory or inhibitory using the known markers, vesicular glutamate transporter 2 gene
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(SLC17A46) or vesicular inhibitory transporter (SLC32A41). Two clusters were unusual in that
they each contain a substantial number of neurons that are either excitatory or inhibitory, but
that otherwise have computationally indistinguishable gene expression profiles (Figure 5A).
This is characteristic of clusters previously identified to be a part of the intermediate and ventral
regions of the spinal cord (Laminae VI-VII) (Sathyamurthy et al., 2018). Because of the
challenge of assigning these nuclei to distinct clusters and our interest specifically in laminar
regions involved primarily in somatosensation (Laminae I-V), we combined these nuclei into
one midVentral domain (midVen) cluster (Figure 5B). Clusters were then manually inspected
for highly enriched genes that could serve as cluster markers. Those that lacked such genes
were merged to create fewer, larger clusters with well-defined marker genes. Our final dataset,
excluding the midVen, consisted of 1,954 nuclei, out of which 64% were classified as
excitatory and 36% as inhibitory (Figure 6A-B). These nuclei formed 11 excitatory clusters
(GLUTs 1-11) and 5 inhibitory clusters (GABAs 1-5) with an average of 139 nuclei per cluster
(Range is from 49 to 222 nuclei per cluster) (Figure 6B-C). On average, approximately 4,000
genes and 10,000 UMIs were detected per cluster (Figure 6D). Relationships between
individual clusters were visualized using the Ward’s hierarchical clustering method together
with the correlation matrix (Figure 5C and 6E) and, as expected, the largest distance in the
resulting dendrogram occurred between the excitatory and inhibitory clusters, indicating that
the gene expression profiles of these two groups are the least similar. To define each neuronal
cluster, we selected a marker gene(s) that had to be both highly expressed and uniquely
enriched within the cluster. The ability of markers to ideally represent more than 20% of the

cells within a cluster, often required using a combination of marker genes (Figures 6E-F).
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Figure 5. Neuronal clusters with the midVentral domain

A. UMAPs showing vesicular glutamate transporter 2 (SLC17A6) and vesicular inhibitory amino acid transporter
gene (SLC32A1) expression. B. Two clusters with overlapping gene expression profiles were assigned to a single
cluster named midVentral (midVen) domain as depicted in the UMAP showing neurons colored according to their

cluster identity. C. Correlation matrix highlighting the relationship among the clusters using Pearson’s correlation.
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Figure 6. Classification of macaque dorsal horn neurons
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A. UMAP visualization plot of the neuronal clusters broadly classified as either excitatory (green) or inhibitory

(red) based on their neurotransmitter identity. B. Bar graphs of (top) the total number of nuclei that are excitatory

(1,355 nuclei) or inhibitory (870) and (bottom) the number of nuclei per cluster. C. UMAP visualization of the

2,225 neuronal nuclei that are colored based on their cluster identity from Louvain clustering. Excitatory clusters

are prefixed with GLUT and inhibitory clusters with GABA. D. Violin plots depicting the number of genes (top
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panel) and UMIs (bottom panel) in each neuronal cluster. E. Neuronal clusters were hierarchically clustered as
shown in the dendrogram. Marker genes for each major branch point of the dendrogram are listed. E.g., Neurons
belonging to the GLUTI1 cluster express SLC17A6, GFRA1, CRHR2 and COL13A1. F. Heatmap of the

normalized mean expression of marker genes (mentioned in the dendrogram) for the neuronal clusters.

2.3.3 Laminar Distribution of Marker Genes

To determine how the transcriptomically defined clusters are distributed within the
Rexed laminae, we performed RNAscope® fluorescence in situ hybridization in lumbar spinal
cord slices taken from both male and female macaques using the selected marker genes (Figure
7) (Wang et al., 2012). GLUT1 neurons were visualized using either Corticotropin-releasing
hormone receptor 2 (CRHR?2) or Collagen, type XIII, alpha 1 (COL13A1) as markers. Of the
320 nuclei showing expression of either gene, 72.81% were located within laminae I-II. The
GLUT?2 cluster was identified using Neuromedin U receptor 2 (NMUR2), GLUTS by the
overlap of Collagen Type XXIV Alpha 1 Chain (COL24A1) and Neuromedin B receptor
(NMBR), GLUT®6 by the overlap of Tachykinin precursor 1 (TAC/) and Anosmin 1 (ANOS]I),
GLUTS by the overlap of MAF BZIP Transcription Factor A (MAFA) and RBFOX3, and
GLUTI11 by excitatory prodynorphin (PDYN) expression. Interestingly, all five of these
clusters are also enriched in the superficial laminae (I-II). Neurons belonging to the GLUT3
cluster, identified by expression of both Tachykinin precursor 3 (7AC3) and Neuromedin U
(NMU), are located along the lamina II/III boundary, but reside primarily within lamina III.
Other clusters that showed a similar enrichment in lamina III include GLUT9 which was
detected by expression of both Tolloid like 2 (7LL2) and ADAM Metallopeptidase with

Thrombospondin Type 1 Motif 16 (ADAMSTS16) as well as GLUT10 which was marked by
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Otogelin-like (OTOGL) gene. The GLUT7 neurons, identified by the overlap of Collagen Type
XXI Alpha 1 Chain (COL21A41) and MAF genes, are largely located within laminae III and IV.
Lastly, since Collagen Type V Alpha 2 Chain (COL5A42) which is a marker for GLUT4, is also
expressed by Paired box 2 (PAX2)-expressing inhibitory neurons, we probed for neurons that
are positive for COL5A42 and negative for PAX2. These cells are distributed across the entire
dorsal horn without any particular laminar enrichment in contrast to the other clusters. All
cluster markers showed a similar distribution in males and females. The inhibitory clusters
were similarly analyzed (Figure 8). Neurons in the GABAS cluster, identified by the
expression of PDYN along with PAX2, are located primarily within laminae I-1I (Figure 8).
GABA4 inhibitory neurons marked by tyrosine-protein kinase MET and pleiotrophin (PTN)
expression are enriched in lamina III. Neurons belonging to GABA1 were visualized by the
overlap of MBL Associated Serine Protease 1 (MASPI) and PAX2 and to GABA2 by
expression of both GDNF antisense RNA 1 (GDNF-ASI) and ras responsive element binding
protein 1 (RREBI). All of these markers were mainly located in laminae III-IV. Neuropeptide
Y (NPY) expressing neurons are found in GABA2 as well as GABA3, we therefore identified
the distribution of GABA3 neurons by probing for NPY neurons that did not also express
RREBI. These neurons are distributed across all dorsal laminae. Overall, a majority of the
clusters show enrichment within particular laminae laying a foundation for the molecular and

cellular as well as a potential functional organization of the macaque dorsal horn.
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Figure 7. In situ validation of excitatory cluster markers

A. Panels depict in situ hybridization of marker gene combinations used to detect each excitatory cluster. Dorsal
horn images are taken at 10X with the smaller insets showing a magnified image (20X) of the individual gene(s)

as well as the merged image. Laminar boundaries (dashed lines) are drawn between II/II1, III/IV and IV/V. White
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arrows point to positive cells belonging to the respective cluster. UMAPs of the marker genes used in the in situ
are shown. Pie charts show the percentage of cells expressing the cluster marker genes across laminae I-V. n=6

spinal cord sections from N=2-3 macaques. Scale bar = 100 um B. Summary table showing laminar enrichment

of excitatory clusters.
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Figure 8. In situ validation of inhibitory cluster marker profiles

A. Panels depict in situ hybridization of marker gene combinations used to detect each inhibitory cluster.
Representative dorsal horn images are taken at 10X with the smaller insets showing a magnified image (20X) of
the individual gene(s) as well as the merged image. Laminar boundaries (dashed lines) are drawn between II/1I1,
III/IV and IV/V. White arrows point to positive cells belonging to the respective cluster. UMAPs of the marker
genes used in the in situ are shown. Pie charts show the percentage distribution of cells expressing the cluster
marker genes across laminae I-V. n= 6 spinal cord sections from N=2-3 macaques. Scale bar = 100 um B.

Summary table showing laminar enrichment of inhibitory clusters.
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2.4 Discussion

Understanding the cellular and molecular organization of the dorsal horn is essential
for determining how the molecularly distinct neuronal populations form functional circuits to
process somatosensory information. Our work provides a high-quality snRNA-seq dataset of
the non-human primate dorsal horn neurons categorized into 16 distinct cell types. The gene
expression profiles for each cell type can easily be probed through this interactive database

https://seallab.shinyapps.io/dorsalhornseq/ . In addition to identifying the cell types, we

determined that they have largely restricted laminar patterns and also, intriguingly, that in many
cases, clusters that are hierarchically close to one another show a similar laminar distribution.
GLUTs1-2, 5-6, 8, 11 and GABAS all showed enrichment in the superficial laminae (I-1I);
GLUT3 and GABA4 in lamina III and GLUTs9-10 and GABAs1-2 in laminae III-IV. The
similar spatial organization of highly related clusters may point to a common developmental
origin as well as clues to their potentially related functional roles. Moreover, this study
highlights the molecular diversity of the macaque dorsal horn neurons similar to what has been

observed for neurons of the mouse dorsal horn (Haring et al., 2018; Sathyamurthy et al., 2018).
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3.0 Comparative Analysis of the Mouse and Macaque Dorsal Horn Transcriptomes

3.1 Introduction

Single cell transcriptomic studies of embryonic and adult mouse spinal cord have added
a higher level of specificity in identifying molecularly distinct cell types (Delile et al., 2019;
Haring et al., 2018; Rosenberg et al., 2018; Sathyamurthy et al., 2018; Zeisel et al., 2018). A
meta-analysis, performed subsequently, further aligned these transcriptomic based populations
(Russ et al., 2021). Nevertheless, the generality of this classification scheme particularly across
species remains unresolved, despite the fact that fundamental studies of the spinal cord as well
as the validation of targeted therapeutics, depend on it. To address this, we compared the
macaque cell types (From Chapter 2) to the mouse meta-analysis derived cell types, to produce
a unified classification scheme that is based, in large part, on cross-species conservation (Russ
et al., 2021). To resolve the classification scheme further, we also compared the laminar
distributions of identified cell types from each species, including validation of certain genes in
human. Species-specific differences in the expression of salient genes, which may reflect
evolutionary changes that could influence functional phenotypes and translatability, were also

1dentified.
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3.2 Methods

3.2.1 Comparison of macaque and mouse meta-analysis clusters

To identify orthologous genes across species, each mouse gene symbol was matched to
the corresponding ENSEMBL ID using BioMart (v101). BioMart was used to identify the
orthologous human gene, filtering for one-to-one orthologs to avoid potential false positives.
The macaque genome was annotated with orthologous human genes as previously described
(He et al., 2021; Schneider et al., 2017; Warren et al., 2020). The resulting datasets frame for
macaque and mouse contained 15,157 one-to-one orthologs.

Orthologous genes of two of the mouse family markers, RORB and ADAMTSS5, showed
separation in the macaque UMAP, but were not independently clustered. GABA2 and GABA4
clusters were re-clustered using Leiden clustering (resolution 0.3) (Traag et al., 2019). Three
of the identified clusters represented RORB populations while the remaining two populations
represented ADAMTSS.

A straightforward scoring approach was used for the cross-species comparisons to
improve the interpretability. We identified the top 100 most enriched and most-depleted makers
for each of the mouse cell classes (Excitatory, Inhibitory, and midVentral). Mouse and
macaque markers for comparison were selected using the Wilcoxon rank sum approach in the
“rank genes groups” function (Wolf et al., 2018). The relative levels of those markers,
weighted by their cluster enrichment scores, created a score that we could use to annotate each
cell in the macaque population for each of the major cell classes. These enrichment scores

corresponded strongly with the individual marker-based annotation of the macaque cell classes.
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These scores were then used to identify significant shifts across the population using a t-test.
The t-statistic confirms the broad differences in the distribution of the enrichment scores, with
the exception of cluster GLUT11, which has features of midVentral neurons, but that we verify
is highly similar to a specific sub-population of mouse excitatory neurons.

The same procedure was used to score each macaque cell for its cluster identity relative
to its cell class (Excitatory or Inhibitory). We used the 50 most enriched and depleted markers,
rather than 100, because the strength of enrichment declined more quickly down the ranked list
for subtler differences that exist between subtypes of excitatory and inhibitory neurons in
comparison to the strong differences that exist across those populations. Again, the annotation
of cell clusters based on a t-test showed a strong match to annotation based on the most
confident individual mouse markers.

To find genes specialized in a particular species, the mouse cells used were limited to
the Sathyamurthy dataset from the meta-analysis (Russ et al., 2021; Sathyamurthy et al., 2018).
Rather than the processed data, where low variance genes are removed, we used an unfiltered
version of the mouse dataset. This allowed us to identify potential examples where the gene is
specialized in macaque, but not mouse. Log fold differences were calculated using the
procedure described above for both the mouse and macaque for each cell class relative to the
others and for each family relative to the cell class. The family-level comparison was chosen
to maximize the number of cells available for a rigorous identification in the differences in
markers. We manually filtered out genes that exhibited a strong difference across species based
on log2 fold change, but had very low abundance and were not significant. The orthologous
marker genes of orthologous populations of cells were correlated with each other in their
overall pattern (Pearson’s R ranging from 0.058 to 0.21; p-value from 1*10” to 7*1071%?). These
correlations provide further support for our assignment of cell type families. The broad range

reflected the relative abundances of the cell types rather than the lack of a strong match. To
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determine species-specific markers, we required a gene to have an adjusted p-value of < 107
and a log?2 fold difference of greater than 2. In addition, we required that the orthologous gene
have a log2 fold difference of less than 0 in the other species. This highly stringent procedure

may miss candidates, but the remaining ones are likely to be high quality.

3.2.2 Human spinal cord samples

All human spinal cord procurement procedures were approved by the Institutional
Review Boards at the University of Texas at Dallas. Donor information is provided in
Appendix A (Table 3). The human spinal cords were gradually embedded in OCT in a
cryomold by adding small volumes of OCT over dry ice to avoid thawing. All tissues were
sectioned at 20 um onto SuperFrost Plus charged slides using a cryostat. Sections were only
briefly thawed in order to adhere to the slide but were immediately returned to the -20°C
cryostat chamber until completion of sectioning. Again, due to the limited availability of human

donor tissue, not enough samples were assessed for sex differences at the gene level.

3.2.3 RNAscope® in situ hybridization

The in situ protocol as described in Chapter 2 was followed for macaque and mouse
spinal cord sections (L4-L6 segments). For in situ hybridization experiments conducted with

human lumbar spinal cord, samples were fixed with cold 4% paraformaldehyde (PFA) for 15
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minutes. The Multiplex v2 Fluorescent (Advanced Cell Diagnostics) protocol for fresh frozen
tissue was followed with a 2-minute protease IV digestion. The Fluorescin, Cyanine 3 and
Cyanine 5 reagents from Akoya Biosciences were used for probe visualization. Probes used in
this chapter include: PIEZO2 (macaque, 1051051-C1), CPNE4 (macaque, 801111-C2), Piezo?2
(mouse, 400191-C2), Cpne4 (mouse, 474721-C1), TACI (macaque, 837891-C1), TACI
(human, 310711-C2), GRP (macaque, 1079131-C2), GRP (human, 465261-C1), CCK
(macaque, 461721-C3), CCK (human, 539041-C2), NTS (macaque, 837851-C2), NTS (human,
512561-C3), TAC3 (macaque, 520901-C1), TAC3 (human, 507301-C3), NMU (macaque,
837871-C2), NMU (human, 520051-C1), NPY (macaque, 535471-C1), NPY (human, 416671-
C2), PDYN (macaque, 838041-C1), PDYN (human, 507161-C2), PAX2 (macaque, 837981-

C3), PAX2 (human, 442541-C1).

3.2.4 Image Acquisition and Quantification

For mouse and macaque spinal cord experiments, representative images were acquired
at 10X magnification using the Nikon A1R and Nikon’s NIS-Elements imaging software and
processed with ImageJ. Laminar boundaries for the images were drawn with the Canvas X
software using Atlas of the Spinal Cord: Mouse, Rat, Rhesus, Marmoset and Human as a
reference. The substantia gelatinosa of the primate dorsal horn is also easily recognizable due
to its translucent nature and hence was used to demarcate the boundary between laminae I1 and
1.

For human spinal cord experiments, multiple 10X images were acquired of the dorsal

horn starting from the substantia gelatinosa to lamina 10. The acquisition parameters were set
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based on guidelines for the FV3000 provided by Olympus. The 10x images were stitched
together manually using anatomical landmarks (particularly lipofuscin) that were common
between images. For the quantitative analysis, cells with more than three puncta were manually
counted as positive. In order to account for the presence of lipofuscin in the macaque/human
spinal cord tissue, the 488 channel was left blank i.e., no probe or fluorophore was added, and

this was used for background subtraction.

3.2.5 Data code and availability

The code and Jupyter notebooks used for the analysis of the macaque snRNA-seq has
been made available at the Github repository

https://github.com/pfenninglab/dorsal_horn_snrnaseq. Additionally, the macaque dataset can

be accessed through an R shiny application (https://seallab.shinyapps.io/dorsalhornseq/ ). This

Shiny application was created using a Shiny Cell package (Ouyang et al., 2021).
The mouse meta-analysis pipeline is publicly available through the Github repository

https://github.com/ArielLevineLabNINDS/SeqSeek_Classify Full Pipeline .
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3.3 Results

3.3.1 Cross-species comparison of mouse and macaque dorsal horn neuron clusters

A meta-analysis that unified six single cell sequencing datasets from mouse, put
forward an atlas of dorsal horn neuronal clusters organized as distinct families (Russ et al.,
2021). To determine the extent of molecular and cellular conservation between macaque and
mouse dorsal horn neurons, we compared our macaque dataset to this ~10,000 neuron mouse
dorsal horn atlas. Specifically, we scored each macaque cell across each major cell class
(excitatory, inhibitory or midVentral) based on the top 100 marker genes from the mouse meta-
analysis. Based on these analyses, we found a remarkably high correlation across species for
both the excitatory and inhibitory clusters (Table 1 and Figure 9A). Additionally, nuclei
assigned to the midVentral cluster in macaque show the highest correlation to the midVentral
clusters in mouse (Figure 9A). The macaque nuclei were then assigned a score depending on
how similar their gene expression profiles were to the individual mouse clusters, rather than to
the major cell classes. From this, a striking correspondence was observed between the nuclei
of the individual macaque and mouse clusters, with the exception of GABA2 and GABA4
clusters, which did not correspond to any of the mouse clusters, and Excit-07 and Excit-17
which did not correspond to any of the macaque clusters (Figure 10A). This latter observation
is not surprising given that these two clusters contain neurons only from the Rosenberg dataset
which analyzed early postnatal mouse spinal cord (P2 and P11) (Rosenberg et al., 2018; Russ

etal., 2021).

65



Neurons in the mouse meta-analysis were sub-clustered to a higher degree than in the
macaque dataset, resulting in a greater number of smaller clusters. For this reason, we also
compared the macaque clusters with higher-order clusters of the mouse, also known as families
(Figure 10A-B). In this case, the orthologous genes of key markers from each of the mouse
families were plotted onto the newly generated macaque UMAP (Figure 10B). From this, we
observed that GLUT1 and GLUT2 clusters correspond to the Reln family; GLUT3, GLUT4,
GLUTS and GLUT®6 to the Sox5 family; GLUT7 to the Maf family; GLUTS to the Cpne4
family; GLUT9 and GLUTI10 to Prkcg family; GLUTI11 to the Rrebl family; GABAI to the
Cdh3 tfamily; GABA3 to the Npy family and GABAS to the Pdyn family. However, GABA2
and GABA4 again did not correspond directly to the mouse families. Upon closer examination,
we saw in the UMAP that orthologous genes of two of the mouse family markers, RORB and
ADAMTSS, showed an interesting separation within both GABA2 and GABA4 clusters
(Figure 10C). To investigate, we re-clustered GABA2 and GABA4 and found that sub-clusters
GABA2 1 and GABA4 1 correlated with the mouse Rorb family and GABA2 2 and
GABA4 2 correlated with the Adamts5 family. To get a better idea of how well the markers
represent clusters across species, we also plotted the distribution of mouse family markers in
the macaque clusters and the macaque cluster markers in the mouse families as dotplots
(Figure 9B).

We next wanted to determine whether the laminar organization of the macaque clusters
and the corresponding mouse families are conserved. Comparing the distributions of the
macaque clusters, as shown in Figure 7 and 8, with what was reported for the families in the
meta-analysis, we reveal that the dorsoventral locations of the clusters are indeed remarkably
conserved across species (Figure 10D) (Russ et al., 2021).The molecular and spatial alignment
of macaque clusters with the mouse families that we report here provides a valuable framework

for how dorsal horn neurons are organized at the molecular and cellular level across species.
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Figure 9. Comparison of clusters from the macaque with the major classes of the mouse meta-analysis

A. Heatmap showing high correlation of the macaque excitatory, inhibitory and midVentral clusters (vertical axis)
to the excitatory, inhibitory, and midVentral clusters of the mouse respectively (horizontal axis). B. Dotplots
depict the average gene expression of orthologous genes of mouse family markers across the macaque clusters
(left) and average gene expression of macaque cluster markers (right) across the mouse dorsal horn clusters.
Diameter of the circles represent the percentage of cells/nuclei within each cluster expressing the gene. Dotplot

on the right generated through https://seqseek.ninds.nih.gov/.
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Figure 10. Cross-species comparison of marker genes across mouse and macaque

A. Heatmap of macaque nuclei clustered based on their correlation to the mouse excitatory (left) and inhibitory

clusters (right) and families from Russ et al., 2021 adult dataset. B. UMAP visualization of the macaque dorsal

horn neurons colored and annotated based on the mouse families from Russ et al., 2021 (left). C. UMAP showing

dorsal horn clusters along with GABA2 and GABA4 subclusters. Leiden re-clustering of GABA2 and GABA4

(top right). Visualization of RORB and ADAMTSS5 gene expression within the GABA2 and GABA4 clusters

(bottom). D. Dorsal horn schematic of the laminar distribution of excitatory (left) and inhibitory clusters (right)

organized by mouse families
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Table 1. Correlation between the macaque and mouse classes

Classes R p value
dorsal excit 0.212710994 7.39E-142
dorsal inhib 0.204071153 2.65E-129

midVent 0.18044691 1.42E-103
excit_Reln 0.195537331 4.91E-109
excit Sox5 0.12224756 2.04E-45
excit Maf 0.206464754 1.94E-119
excit_ Cpne4 0.114924579 3.63E-32
excit_Prkcg 0.121390648 1.59E-39
excit_Rrebl 0.057928031 1.00E-09
inhib_Cdh3 0.131176623 3.30E-49
inhib_Rorb 0.091241634 9.70E-26
inhib_Npy 0.148185954 2.98E-57
inhib_Adamts5 0.087809576 7.36E-22
inhib_Pdyn 0.144183776 7.71E-60

3.3.2 Laminar distribution of neuropeptides in macaque and human

In a mouse ontology study, genes related to neuropeptide signaling were found to be
overrepresented in excitatory neurons of the dorsal horn (Das Gupta et al., 2021). Further, the
laminar distribution of the neuropeptide genes such as cholecystokinin (CCK), neurotensin

(NTS), gastrin releasing peptide (GRP), neuropeptide FF-amide peptide precursor (NPFF),

69



thyrotropin releasing hormone (7RH), TACI, TAC2 and NMU show expression patterns
restricted to one or two dorsal laminae (Das Gupta et al., 2021; Peirs et al., 2021). Several of
these neuropeptides have been targeted for study in the rodent dorsal horn and have been shown
to be important for pain or itch. We were therefore interested to see if their dorsal horn
distributions are conserved across species including in human (Figures 11A-B and Table 2).

Both TACI and GRP expressing neurons are located mainly within lamina II of macaque and
human dorsal horns, as was reported for mouse. Similarly, TAC3 (Tac2 homolog in primate),
NMU and NTS neurons also show a conserved laminar distribution with mice, as 7TAC3 and
NMU are located predominantly in laminae II and III and NTS is enriched in lamina III.
Interestingly, while CCK expressing neurons are abundant in laminae IIT and IV of the macaque
dorsal horn, similar to mouse, the neurons in human show greater enrichment in the superficial
laminae in addition to their presence in deeper laminae. We also examined the distribution of
two other neuropeptide genes which are markers of inhibitory clusters in both macaque and
mouse, NPY, and PDYN (Figure 11B). The NPY gene is exclusively expressed by inhibitory
neurons distributed across all dorsal horn laminae of macaque and human, similar to what is
observed in mouse (Haring et al., 2018; Iwagaki et al., 2016; Russ et al., 2021). With respect
to the PDYN gene, the neurons are primarily inhibitory and reside in laminae I-1I in all three
species. Interestingly in mouse, a significantly greater number of excitatory dynorphin neurons
are present in the medial part of the L4 segment which receives glabrous skin input, compared
to the L2 segment which only receives hairy skin input (Boyle et al., 2017; Huang et al., 2018).
Such a restricted distribution along the mediolateral axis of the lumbar enlargement is not
observed for excitatory PDYN neurons in primate. Nevertheless, the overall laminar

distribution of neuropeptide genes is highly conserved across species.
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Figure 11. Cross-species comparison of neuropeptides across macaque and human

A. Representative human dorsal horn in sifu images of excitatory neuropeptides — TACI, GRP, CCK, NTS, TAC3,
and NMU after background subtraction to remove lipofuscin (left). All images were taken at 10X. Scale bar = 100
um. In situ hybridization counts of neuropeptides (right) averaged from 6 hemi sections (N= 2-3 macaque/human
donors) to represent a single spinal cord section (2 hemi sections, 20 pm thickness) of macaque and human lumbar
dorsal horn. Smallest circle = 2 cells, medium circle = 10 cells, large circle = 20 cells. B. Representative human
dorsal horn in situ images of inhibitory neuropeptides — NPY, PDYN and PAX2 after background subtraction to

remove lipofuscin (left). Parameters similar to A.
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Table 2. Distribution of neuropeptides in macaque and mouse meta-analysis clusters

Gene Macaque Clusters Mouse Meta-analysis
Clusters

CCK GLUTs 5,7,9 and 11 Excit-01-03; Excit-05

GRP GLUTs 1,3 and 5 Excit-08-10; 15, 18-19

NMU GLUTs 3 and 9 Excit-18

NTS GLUTs 7 and 9 Excit-04

TACI GLUTSs 5-6 and 11 Excit15-16

TAC2 GLUTs 3-4 and 11 Excit18-19

3.3.3 Comparisons of select functionally relevant genes between mouse and macaque

Cells belonging to 11 principal progenitor domains in the developing mouse spinal cord
are defined by specific combinations of transcription factors, which govern neuronal cell-type
specification along the dorsoventral axis of the mature spinal cord. Six of these domains (dI1-
6), as well as two late-born domains (dILA and dILB) give rise to post-mitotic dorsal horn
interneurons (Alaynick et al., 2011; Lai et al., 2016). Given that some of these embryonic
transcription factors continue to express in major cell classes (i.e., excitatory or inhibitory
groups) in adult, we sought to examine if a similar correspondence between cell types and
transcription factors exists in the macaque spinal cord (Del Barrio et al., 2013). The dI5 and
late born excitatory neurons are defined by the expression of Lim homeobox transcription
factor 1-beta (LMXIB) while gastrulation brain homeobox 1 (GBXI) is required for the

development of a subset of PAX2 inhibitory neurons (Buckley et al., 2020; Del Barrio et al.,
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2013; Ding et al., 2004; Gross et al., 2002; Muller et al., 2002). A similar separation exists in
the macaque where LMXIB is widely expressed among the excitatory clusters and GBX1 is
found specifically in PAX2 expressing inhibitory clusters (Figure 12B). Interestingly, we find
that the BRN3 A transcription factor (also known as POU class 4 homeobox 1 - POU4F1) which
is a marker of excitatory populations- dI1-3 and dI5 during development, is still expressed in
the macaque GLUT4 and GLUT11 clusters (Zou et al., 2012). The MAF group of transcription
factors (MAFA, MAFB and c-MATf) are largely expressed by neurons in laminae II-IV of the
mouse dorsal horn at postnatal ages as well as in adult (Del Barrio et al., 2013). In the macaque,
MAFB is not detected in the dorsal horn but MAF and MAFA serve as marker genes of GLUT7
and GLUTS, respectively (Figure 12B). Moreover, as in mouse, MAF expression was
restricted to laminae III-IV while MAFA expression was visualized in lamina II as well as in
deeper laminae (Figure 7). Zinc finger homeobox 3 (ZFHX3), is a transcription factor that was
recently shown to be expressed ventrolaterally by excitatory and inhibitory interneurons from
embryonic stages into adulthood, in the mouse spinal cord (Osseward et al., 2021).
Additionally, different types of long-range projection neurons were found to express Zfhx3
(Osseward et al., 2021). The orthologous gene in macaque- ZFHX3, is present in several
excitatory and inhibitory clusters, with high expression in GLUT1, GLUTs7-10 and GABA3
(Figure 12B). As inhibitory projection neurons have not been observed in the mouse dorsal
horn, it is likely that the aforementioned excitatory clusters may consist of projection neurons
in addition to local interneurons.

We also looked at the distribution of channels and receptors across the macaque
clusters. Overall, their expression patterns correspond to what has been reported in the mouse.
With respect to the voltage-gated sodium channels, the most commonly studied include Nav1.7
(SCN94), Navl.8 (SCNI10A) and Navl.9 (SCNI1A4) due to their role in pain in peripheral

sensory neurons of mice and humans (Akopian et al., 1996; Baker & Nassar, 2020; Cox et al.,
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2010; Emery et al., 2016). SCN94 is distributed across several clusters as in mice while
SCNI10A4 and SCN11A are lowly expressed in both species (Figure 12C) (Haring et al., 2018;
Sathyamurthy et al., 2018). The TTX-resistant Nav1.5 channel, encoded by SCN54 is highly
specific to the macaque GLUTS, similar to its expression in the corresponding mouse Cpne4
cluster (Excit -01) (Figure 12C). As in mice, we notice that most of the calcium and transient
receptor potential (TRP) channels of the subfamily C and M are present in a number of clusters
while the TRP channels of the V subfamily are sparsely expressed (Figure 12D-E) (Haring et
al., 2018; Russ et al., 2021).

Similarly, with respect to receptors, we find that the Gamma aminobutyric acid reporter
subunit alpha-1 (GABRA) is highly expressed in GLUT7 and GLUT9 clusters and to a lower
extent in GABA4 (Figure 13D). This correlates well with its expression in the corresponding
clusters of the mouse. Most nicotinic acetylcholine receptors are not expressed or sparsely
expressed in the macaque and mouse dorsal horn. However, we do detect high levels of
CHRNA?7 across several of the macaque clusters (Figure 13F). The serotonin receptor encoding
gene 5-Hydroxytryptamine Receptor 2A (HTR2A) is highly expressed in GLUT10, similar to
its high expression in the corresponding mouse Prkcg family of clusters (Figure 13G).
Polymorphisms in the HTR2A gene have been associated with chronic low back pain and

fibromyalgia in human patients (Nicholl et al., 2011; Yildiz et al., 2017).
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Figure 12. Expression of neurotransmitter-related enzymes, transporters, transcription factors and
channels across the macaque clusters

A. Dotplot showing mean expression (by circle color) of neurotransmitter-related enzymes and transporters and
the percentage of nuclei (by circle diameter) that express the specific genes in a cluster. Color bars on the vertical
axis refer to the corresponding families from the mouse meta-analysis. From top to bottom: Reelin, Sox5, Maf,
Cpne4, Prkcg, Rrebl, Cdh3, Rorb and Adamts5, Npy, Pdyn and midVentral. B. Dotplot showing mean expression
of transcription factors. C. Dotplot showing mean expression of sodium channels. D. Dotplot showing mean
expression of calcium channels. E. Dotplot showing mean expression of transient receptor potential (TRP)
channels. F. Dotplot showing mean expression of potassium channels. G. Dotplot showing mean expression of

hyperpolarization-activated cyclic nucleotide (HCN) channels.
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Figure 13. Expression of neurotransmitter- related receptors across the macaque clusters.

A. Dotplot showing mean expression of ionotropic glutamate receptors, (B.) metabotropic glutamate receptors,
(C.) glycine receptors, (D.) GABA receptors, (E.) muscarinic acetylcholine receptors (F.) nicotinic acetylcholine
receptors, (G.) serotonin receptors, (H.) adrenergic receptors, (I.) dopamine receptors, and (J.) histamine

receptors.
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3.3.4 Genes differentially expressed between macaque and mouse transcriptomes

Although the expression profiles of genes within cell populations are conserved enough
to identify strong cluster relationships between the mouse and macaque, species-specific
differences do exist. To find species-specific enrichment of genes across gene families, we first
identified differentially expressed genes separately across each of the corresponding macaque
and mouse cell type families using a Wilcoxon Rank Sum test (Russ et al., 2021). To avoid
confounds from development or the isolation of whole cells versus nuclei, we only used nuclei
isolated from adult mice in the meta-analysis. Highly significant genes of each cluster were
considered as those that are p < 10~ and have a log-fold-change greater than 2 relative to their
expression in the other excitatory or inhibitory families. Second, the expression of the gene in
the corresponding family of the other species had a log-fold-change less than 0 relative to the
other clusters of that species (Figure 14, Appendix B). We identified fifteen genes that are
enriched in the macaque excitatory clusters compared to the mouse (Figure 14A, Left).
Conversely, only carbonic anhydrase 12 (CA412) is found to be enriched in the mouse excitatory
clusters in comparison to the macaque (Figure 11A, Right). A number of genes (12) are found
to be enriched in the macaque inhibitory clusters compared to the mouse, among these include
MET and PTN, which are marker genes for GABA4 (Appendix B). Surprisingly, CPNE4 is
not enriched in the cluster corresponding to the mouse Cpne4 family (GLUTS) (Figure 14B).
However, one of the genes enriched in GLUTS is the Piezo- type mechanosensitive ion Channel
component 2 (PIEZO?2). Consistent with this result, the number of PIEZOZ2 positive cells
detected in the macaque dorsal horn is significantly higher than in mouse, as visualized by in
situ hybridization (Figure 14C). PIEZO2 expressing primary sensory neurons have been

studied for the critical role they play in mechanotransduction so their significantly larger
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presence in the macaque dorsal horn poses a question of how they may influence or be critical
to the function of these neuronal populations (Chesler et al., 2016; Coste et al., 2010; Ranade
et al., 2014; Woo et al., 2015). Interestingly, different collagen genes are found to be
specifically enriched in several of the macaque excitatory clusters, thereby serving as useful
marker genes (data not shown). The finding raises the question of what role(s) collagen proteins

and specifically each type plays in dorsal horn function.
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Figure 14. Macaque and mouse-specific gene enrichment
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A. Correlation plots of genes specialized in the macaque excitatory clusters (left panel) compared to the adult
mouse excitatory clusters. Significant genes (black circles) within each cluster show p < 10~ and log-fold-change
> 1 relative to other clusters of the macaque. Among these, genes are species-specific or specialized (yellow
circles) if they show enrichment scores of p < 107 and log-fold-change (Ifc) > 2 (compared across other clusters
of that species) and the orthologous genes in the other species show Ifc <0 (compared across other clusters of that
species). Specialized genes in mouse excitatory clusters are in yellow (right panel). All significant genes are
plotted (black circles). B. Correlation plot of genes specialized in the macaque cluster GLUTS (left pl. PIEZO?2 is

enriched in GLUTS but not in the corresponding clusters of the Cpne4 family of mouse (mac Ifc = 3.6774378,



mouse Ifc = -0.46002). Cpne4 is enriched in the mouse Cpne4 family of clusters but not in the corresponding
GLUTS cluster of macaque (mac Ifc =-0.1435162, mouse lfc = 9.116846). All significant genes are plotted (black
circles). C. Macaque dorsal horn (left) in situ hybridization of CPNE4 (green) and PIEZO?2 (red). Mouse dorsal
horn (right) in situ hybridization of Cpne4 (green) and Piezo2 (red). Representative images are 10X. Scale bar =

100 pm.

3.4 Discussion

3.4.1 Similarities between mouse and macaque transcriptomes

Overall, our comparative analyses between clusters of the macaque and mouse show
that the underlying molecular organization is largely conserved between the two species.
Analysis of features that have been classically used to describe cell types such as their
neurotransmitter phenotype, transcription factors, and channel expression show a high
congruence with what has been reported in the rodent dorsal horn. Confidently identifying
macaque-mouse conserved cell types and molecular signatures provides an important resource
for the community, especially considering the high degree of cell type heterogeneity and the
difficulty of harmonizing them within species (Russ et al., 2021). We find numerous examples
which highlight that this molecular conservation likely points toward a functional conservation.
For instance, glycinergic neurons, which through pharmacogenetic activation in mice have

been shown to alleviate neuropathic injury-induced hyperalgesia and also block chloroquine-
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and histamine-induced itch, are prevalent in deeper laminae of the mouse dorsal horn (Foster
et al., 2015). We similarly find that the GABA1-3 clusters of macaque, which show high
expression of the glycine transporter 2 (SLC6A45) are also enriched in the deeper laminae (I1I-
IV). Similarly, the hyperpolarization-activated cyclic nucleotide-gated cation channel HCN4,
which has been implicated in mechanical allodynia (touch-evoked pain) under neuropathic
conditions due to its presence on PKCy neurons, is enriched in macaque clusters GLUT9 and
GLUTI10 which correspond to the mouse Prkcg family (Nakagawa et al., 2020).

Initially, two of the macaque clusters - GABA2 and GABA4 did not show a strong
correspondence with any of the mouse families. However, we noted that both RORB and
ADAMTSS, orthologs of markers of distinct families in the mouse meta-analysis, were
expressed in both clusters. Re-clustering GABA2 and GABA4 with a finer resolution revealed
sub-populations showing a strong correspondence with both the mouse Rorb and Adamts5
families. We suspect that this may be due to a higher degree of similarity in the molecular
profiles of the Rorb and Adamts5 families during embryonic/developmental ages than in the
adult. Alternatively, it is possible that evolutionary differences in gene expression resulted in
GABA2 and GABA4 clusters becoming more molecularly distinct in the macaque.
Interestingly, both the GABA4 1 sub-cluster, and its corresponding subset from the mouse
Rorb family (Inhibitory 03-05), show high expression of calretinin (Calb2)

(https://segseek.ninds.nih.gov/#/genes ). Calretinin inhibitory neurons are largely concentrated

in lamina II of the mouse dorsal horn and make up ~25% of the inhibitory neurons in this area
(Gutierrez-Mecinas, Davis, et al., 2019). Thus, the GABA4 1 cluster may represent a more
superficially located population of the RORfS neurons than GABA2 1. A study involving the
neuronal activity marker, phosphorylated extracellular signal related kinase (pERK), reported
a role for inhibitory calretinin neurons in processing noxious mechanical information and to a

lesser extent, noxious chemical stimulation (Smith et al., 2015).
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Other classically studied non-overlapping inhibitory populations, apart from calretinin,
include galanin (Gal) which co-expresses dynorphin in the mouse dorsal horn, neuronal nitric
oxide synthase (Nosl), parvalbumin (Pvalb) and Npy (Boyle et al., 2017). These genes are
largely segregated among the 5 GABA clusters with NOS!I enriched in GABA1, NPY in
GABAs 2 and 3, PVALB in GABA4 and PDYN in GABAS. GAL is detected at low levels in
the macaque dorsal horn and so its overlap with dynorphin is minimal. We observe high
expression of NOSI and PVALB in excitatory clusters as well as the inhibitory clusters, similar
to the mouse (Boyle et al., 2017; Gradwell et al., 2021; Hughes & Todd, 2020). PVALB is
present in GLUT7, whose nuclei show laminar enrichment in laminae III-IV. This corresponds
with PVALB expression in deeper laminae of the mouse dorsal horn (Boyle et al., 2017; Hughes
et al., 2012). Neuronal nitric oxide synthase (nNOS)-expressing neurons in mice show minimal
overlap with PVALB or NPY, however 82% of inhibitory nNOS-expressing inhibitory neurons
were reported to overlap with PDYN across development (Boyle et al., 2017). It is thus possible
that the GABAS cluster of inhibitory PDYN neurons in macaque also expresses NOSI,

however from computational analysis, we find that this overlap appears to be less than 1%.

3.4.2 Distribution of potential projection neurons across excitatory macaque clusters

Projection neurons located in lamina I and in the deeper laminae III-VI transmit
modality-specific somatosensory information to multiple brain regions (Todd, 2010; Todd et
al., 2000). Similar to spinal interneurons, these neurons are molecularly diverse, however, their
identification is more challenging, as it requires back-labeling from distinct brain regions

coupled with single cell sequencing or histology using cell-type markers. Such studies have
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been performed to an extent in rodents but would be a major undertaking in macaque.
Nevertheless, it is an important question that should be addressed in future studies.
Extrapolating what is known in rodents to our macaque database, we can speculate on which

clusters contain projection neurons in the macaque. Studies in rodents have focused primarily
on spinoparabrachial projection neurons. Those expressing neurokinin 1-receptor (NK/R) are
thought to account for the majority of lamina I projection neurons (~80% in mouse and 90%
in rat) (Cameron et al., 2015; Spike et al., 2003; Todd, 2010). NK1R projection neurons are
activated by noxious stimuli and innocuous cooling and have been shown to be important for
the generation of hyperalgesia under inflammatory or neuropathic pain conditions (Andrew,
2009; Bester et al., 2000; Han et al., 1998; Willis et al., 1974). A subset of the NK1R neurons
may also be involved in spinal itch mechanisms (Carstens et al., 2010). The TACRI gene which
encodes the NK1 receptor is expressed in macaque GLUT 4, 6, 7 and 11 clusters. Hiring et al
identified an excitatory cluster — GLUT15 that consisted of spinoparabrachial neurons marked
by the expression of Lypdl and Elavi4 (Haring et al., 2018). We noted that orthologs of these
two mouse genes, LYPDI and ELAVL4 are expressed together with TACRI in GLUT7 and
GLUTI1, but also in GABAI and in deeper midVen clusters. A more recent study by
Wercberger et al analyzed the molecular signatures of spinoparabrachial projection neurons
that are not NK1R+, and identified a small proportion of projection neurons that expressed
either Cck, neuronal pentraxin 2 (Nptx2) or neuromedin B (Nmb) many of which reside outside
lamina I (Wercberger et al., 2021). While CCK is expressed in several macaque excitatory
clusters including GLUT7 and GLUT11 as seen with TACR 1, NPTX2 and NMB show restricted
expression in GLUTS8 and GLUT9 respectively. Thus, we speculate that GLUTs 4, 6, 7, 8, 9

and 11 may contain sparse populations of projection neurons in addition to interneurons.
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3.4.3 Differences between mouse and macaque transcriptomes

Several species-specific differences are also observed at the gene level. This was
initially noted when assigning marker genes to the macaque clusters. While some marker genes
such as NMUR?2, are unique and highly expressed in correlating clusters of both mouse and the
macaque, this was not seen for all clusters. For example, we now provide novel molecular
markers such as CRHR2 and COL13A1, which are not present in the mouse dorsal horn, as
better candidates for the targeted study of their respective cell types in the macaque.

Another notable difference in gene expression was observed with PDYN in excitatory
neurons which are more prominent in the primate dorsal horn compared to the mouse.
Sathyamurthy et al study assigned the excitatory dynorphin neurons to the DE-15 cluster
whereas they were not reported in the Haring et al study or in the meta-analysis (Haring et al.,
2018; Russ et al., 2021; Sathyamurthy et al., 2018). Immunohistochemical studies in mice
suggest excitatory dynorphin neurons are primarily located within the medial portion of lumbar
segment L4, which receive input from glabrous skin (Boyle et al., 2017; Huang et al., 2018).
Discrepancies in the reporting of these cells therefore may reflect their low abundance outside
the lumbar enlargement in mice. Interestingly, in the rat lumbar dorsal horn, approximately
~50% of the dynorphin neurons in lamina I and 20% of those in lamina II were reported to be
excitatory and to span the mediolateral axis (Sardella et al., 2011). In the primate, we observe
60-70% of the dynorphin neurons in lamina I and 30-40% of those in lamina II to be excitatory.
Here also, the expression was not restricted to the medial dorsal horn. The excitatory dynorphin
neurons are of interest, as a transcriptomic study conducted in mice showed a unilateral
upregulation of genes specifically in these neurons in the superficial laminae ipsilateral to the

site of surgical incision or carrageenan inflammation (Sapio et al., 2021). Additionally, another
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study showed that excitatory dynorphin neurons are implicated in noxious heat-induced burn
injury (Varga et al., 2021). Taken together, the excitatory dynorphin neurons may potentially

be involved in acute phase hyperalgesia (Serafin et al., 2021).

3.4.4 Organization of neuropeptides in the primate dorsal horn

A lot of work has been done in mice to understand the role of neuropeptide-expressing
excitatory dorsal horn neurons and their receptors. Several of these neuropeptides show
modality-specific functions with respect to pain or itch processing and restricted laminar
expression patterns (Das Gupta et al., 2021). GRP neurons in the macaque belong to GLUT]1,
GLUT3 and GLUTS clusters which corresponds to their inclusion in the mouse meta-analysis
families - Reln (Excit 08-10) and Sox (Excitl5, 18-19). In the rodent dorsal horn, Grp neurons
present in lamina II receive primary afferent input from MrgprA3 pruritoceptors and are
involved in spinal itch mechanisms (Albisetti et al., 2019; Pagani et al., 2019). The GRP
receptor GRPR, found in laminae I-1I of the rodent dorsal horn also transmits itch information
conveyed by GRP from primary sensory neurons (Pagani et al., 2019; Sun & Chen, 2007).
Furthermore, GRPR neurons reportedly form synaptic contacts with projection neurons in
lamina I (Bardoni et al., 2019). The macaque GLUT2 cluster contains neurons expressing
GRPR as well as a subset of the somatostatin (SST) neurons- a population that has also been
implicated in the itch circuitry in mouse (Huang et al., 2018). Interestingly, we find that the
neuropeptide thyrotropin-releasing hormone (TRH) — expressing neurons belong to both
GLUTI1 and GLUTs 9-10 which correspond to the Reln and Prckg mouse families,

respectively. Computationally, these neurons do not appear to overlap with the GRP population
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which is also present in GLUT1. TRH neurons in the mouse dorsal horn have not been
functionally investigated in the context of pain or itch, but as a subset of the larger PKCy neuron
population, they may be involved in the transmission of neuropathic pain (Gutierrez-Mecinas,
Bell, Shepherd, et al., 2019; Peirs et al., 2021). Both GLUT3 and GLUT4 are characterized by
TAC3 expression which is expressed in laminae II-III similar to the mouse meta-analysis
clusters Excit-18-19, which are marked by Tac2 expression. 7TAC3 is also minimally expressed
in GLUT11. Ablation of TAC2 neurons did not affect acute somatosensation or mechanical
thresholds after nerve injury in mice (Duan et al., 2014). However, there is evidence for a role
for these neurons in mechanical itch (Chen et al., 2020). Additionally, 84% of TAC2 neurons
express calretinin, which has been shown to be important for the transmission of mechanical
allodynia under inflammatory conditions (Gutierrez-Mecinas, Davis, et al., 2019; Peirs et al.,
2021; Peirs et al., 2015). Both GLUTS and GLUT6 show high expression of 74C/ similar to
their mouse meta-analysis counterparts Excit- 15-16 and in both species, TAC! is distributed
in laminae I-II as well as in deeper laminae IV-V. We also find lower levels of TACI
expression in the macaque GLUT4 and GLUTI11 clusters. Ablation of TACI1 dorsal horn
neurons in mice did not alter reflexive-defensive behaviors but rather caused a deficit in
nociceptive coping behaviors- suggestive of a role in the affective component of sustained pain
(Huang et al., 2019). The neuropeptide CCK is detected in several clusters. It is expressed in
GLUT?7 and at lower levels in GLUT9 which correlates with Cck expression in the mouse meta-
analysis clusters Excit-05 (Part of Maf family) and Excit-03 (Part of Prkcg family),
respectively. We also observe high expression of CCK in GLUTS5 which expresses TAC1. One
study reported that ~20% of Cck neurons in laminae I-1II overlap with Tac/ in mouse using
histological methods (Gutierrez-Mecinas, Bell, Shepherd, et al., 2019). Interestingly, we
detected high expression of CCK in GLUT11 and this is not seen in the mouse meta—analysis

counterpart. In mice, laminae III-IV CCK neurons are involved in the transmission of
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mechanical allodynia and heat hypersensitivity following inflammatory injury and
transmission of mechanical allodynia following neuropathic injury (Peirs et al., 2021). It is
notable that the distribution of CCK was different in the human spinal cord, where it is more
highly expressed in the outer laminae. Given the differences in nociceptor primary afferent
termination in humans, these neurons may play a specialized role in pain transmission in
clinical pain disorders (Shiers et al., 2021). GLUT7 and GLUT9 express the neuropeptide-NTS
which corresponds with what is seen in the mouse meta-analysis clusters Excit-03-05.
Activation of NTS- lineage neurons in laminae II;-III of the mouse dorsal horn resulted in an
increase in withdrawal response to brush stimulation (Gatto et al., 2021). Dorsal root
stimulation of NTS-lineage neurons was sufficient to evoke wind-up in lamina I
spinoparabrachial neurons (Hachisuka et al., 2018). Overall, the expression of neuropeptides
in distinct clusters shows a strong correlation between the mouse and macaque (Das Gupta et
al., 2021). Furthermore, we show a striking conservation in their laminar distribution patterns
across species including in human, suggestive of conserved somatosensory roles for these

neuropeptides in the primate dorsal horn.
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4.0 Identification of macaque dorsal horn cell-type specific regulatory elements

4.1 Introduction

Persistent pain is a public health epidemic that alters the quality of life for patients by
negatively impacting their physical and emotional functioning. The spinal cord dorsal horn is
a principal site for the investigation of pain processing as it receives nociceptive signals from
the periphery, gates and modulates this information, and transmits to supraspinal sites.
Resources such as genetic and viral tools have enabled researchers to target and manipulate
specific dorsal horn populations in the mouse for circuit-based studies. For instance, using
transgenic mouse lines and chemogenetic viral tools, we identified three different dorsal horn
populations that are important for the transmission of mechanical allodynia (MA), a clinical
feature associated with several persistent pain conditions, in which innocuous stimuli become
painful (Peirs et al., 2021). The populations include calretinin expressing neurons which
transmit MA following inflammatory injury and PKCy expressing neurons which transmit MA
following nerve injury. Interestingly, CCK expressing neurons were found to transmit MA
induced by both types of injuries and are involved in the transmission of heat hypersensitivity
following inflammatory injury (Peirs et al., 2021).

The ease of maintaining and breeding mice, coupled with available tools, have made
them indispensable for the study of a number of complex human diseases including pain.

However, species-specific differences can often affect the translatability of therapeutic targets
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identified in the mouse. Rhesus macaques, which are 28 million years (MY) diverged from
humans compared to rodents, which are 89 MY from humans, serve as an attractive animal
model for proof-of-concept pain studies (Disotell & Tosi, 2007). Through a single-nucleus
transcriptome study of the macaque dorsal horn, we identified the major neuronal cell types
and their laminar organization (Chapters 2 and 3). Additionally, we report a conservation in
the cell types and their laminar organization between the mouse and macaque, suggestive of a
conservation in their functional organization. Unfortunately, the diverse genetic tools available
in mouse and some rats do not exist to selectively target neuron populations in the non-human
primate dorsal horn for anatomical or functional interrogation.

Here, we used single-nucleus Assay for Transposase-Accessible Chromatin with
sequencing (snATAC-seq) to identify putative regulatory elements (REs) that are present in
the open chromatin regions of select genes of interest in the macaque dorsal horn (Buenrostro
etal., 2015; Cusanovich et al., 2015). Open chromatin regions show lower nucleosomal density
or are nucleosome-free and contain transcription factor binding sites enabling them to flexibly
modulate gene regulation based on the available transcription factors and chromatin landscape
of'acell type (Long et al., 2016). Transcription of genes in a particular tissue is chiefly regulated
by a combination of sequence-specific DNA binding transcription factors along with cis-
regulatory elements (promoters and enhancers). Machine learning models can then be applied
to identify the ‘regulatory code’ i.e., the combinatorial code of transcription factor binding sites
and associated DNA sequences present in the cell-type’s open chromatin region (Kelley et al.,
2016; Zhang et al., 2020; Zhou & Troyanskaya, 2015). We leverage this strategy to identify
REs that may be cell type specific by its chromatin accessibility in one cell type and not others,
as well as its underlying DNA sequence predicted to contain the relevant regulatory code.

Viral vectors containing putative REs or orthologs of these REs can therefore be used

to drive reporter or other transgene expression in a cell-type specific manner across species.
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While such efforts are underway in targeting neurons of different brain regions, the dorsal horn
remains largely unexplored (Dimidschstein et al., 2016). Thus, this work will serve as a
valuable resource for the subsequent development of viral tools to target and study conserved
cell-types involved in the primate dorsal horn pain circuitry. Importantly, these viral tools can
double as therapeutics through manipulation of specific dorsal horn populations involved in

pain transmission.

4.2 Methods

4.2.1 Macaque Spinal Cord Sample

Fresh lumbar segment (L4-L6) tissue was harvested from a 3-year-old male Rhesus
macaque (Provided by Dr. Leah Byrne at the University of Pittsburgh) for snATAC-seq. For
euthanasia, the animal was initially sedated with ketamine (15 mg/kg IM), and then perfused
through the circulatory system with 3-4 liters of ice cold artificial cerebrospinal fluid (ACSF;
124 mM NaCl, 5 mM KCI, 2 mM MgSO4, 2 mM CaCl2, 23 mM NaHCO3, 3 mM 524

NaH2PO4, 10 mM glucose; pH 7.4, osmolarity 290-300 mOsm).
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4.2.2 Nuclei Isolation

Spinal cord grey matter was transected at the central canal under a dissection
microscope and immediately placed in a glass dounce homogeneizer containing 1 ml
NbActivl. The 10X Genomics nuclei isolation protocol for scATAC-seq was followed. We
homogenized tissue using approximately 30 strokes of a loose pestle. The nuclei were then
filtered through a 40 um strainer (EZFlow Cell Strainer, Foxx Life Sciences, Cat# 410-0001-
OEM). 1 ml of NbActivl was passed through the strainer into the same collection tube. The
nuclei were transferred to a 2 ml microcentrifuge tube and centrifuged at 500 rcf for 5 minutes
at 4°C. After removing the supernatant, 100 ul of chilled 0.1x lysis buffer was added and mixed
by pipetting up and down 5 times. The mixture was incubated on ice for 5 minutes. Then, 1 ml
of chilled wash buffer was added to the lysed cells and mixed by pipetting up and down 5 times.
This was followed by centrifugation at 500 rcf for 5 min at 4°C. The supernatant was removed

and the nuclei were resuspended in chilled diluted nuclei buffer.

4.2.3 snATAC-seq

The Chromium single-cell ATAC-seq vl1.1 kit was used for this work. Five technical
replicates from the nuclei sample were pooled and loaded onto a Illumina Novaseq 6000 S2-

100 flow chip. We sequenced samples to a depth of ~64,000 reads per nucleus.
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4.2.4 Data analysis and processing

Raw bcl files were demultiplexed using the cellranger-atac workflow. The resulting
fastq files were aligned to the rheMacl0 genome using Chromap (Zhang et al., 2021). The
aligned fragments files were then converted to arrow files to be analyzed using the snATAC-
seq suite of analyses toolkit ArchR with a custom gene annotation file created for the rheMac10
genome (Granja et al., 2021; He et al., 2021). The custom gene annotation was necessary to
supplement the minimally annotated macaque genome, which were previously shown to miss
many untranslated elements of transcripts and non-coding transcripts (He et al., 2021). Briefly,
we applied the liftOff tool of the human RefSeq gene annotation on the hg38 genome to identify
orthologous rheMac10 gene annotation (Shumate & Salzberg, 2020).The ArchR pipeline was
used for quality control pre-processing steps such as doublet detection and removal,
dimensional reduction and clustering of nuclei, and transfer learning using Seurat v3 canonical
correlation analysis of computed snATAC gene accessibility scores with our previously

described snRNA-seq gene expression data.
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4.3 Results

4.3.1 Chromatin accessibility of macaque dorsal horn

To identify transcriptionally active regions of specific dorsal horn cell-types, we
harvested lumbar dorsal horn tissue from a young-adult (3-year-old) male Rhesus macaque for
single nucleus Assay for Transposase-Accessible Chromatin using high-throughput sequencing
(snATAC-seq) (Buenrostro et al., 2015). The nuclei were isolated from fresh homogenized
tissue and five technical replicates were made for snATAC-seq. These snATAC-seq libraries
were then deep sequenced using the Novaseq 6000 platform. Using the ArchR pipeline, we
performed quality control metrics (Granja et al., 2021). Here, we found that each of the
technical replicates consisted of ~10,000 nuclei with ~13,000 unique fragments per nucleus,
which is above the lower limit of snATAC quality of 1,000 unique fragments. Additionally,
the fragments exhibited the expected periodicity in their length i.e., depletion of fragments that
that are multiples of the length of DNA wrapped around a nucleosome (~147 bp, ~296 bp etc.)
(Figure 15A). All replicates also show a high signal at the transcription start site (TSS),
indicative of fragments measured from intact nuclear chromatin (Figure 15B).
Computationally detected doublets were inferred and also removed from the final dataset
(Figure 15C). Overall, these pre-processing steps indicate that the snATAC-seq libraries are

of high quality.
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Figure 15. Quality control metrics performed on snATAC-seq libraries

A. Characteristic periodicity in fragment length distribution with dips at 147 bp and 296 bp marks. B. Dotted line
indicate nuclei that pass the default thresholds (TSS score > 4 and containing more than 1000 unique fragments).
C. In silico doublets are synthesized from the data and projected on to the UMAP to identify their nearest
neighboring nuclei. These nuclei whose signal are similar to the synthetic doublets are subsequently removed. All
plots are representative examples from technical replicate #1.

4.3.2 Integration of snRNA-seq and snATAC-seq data

Dimensionality reduction with UMAP and Louvain clustering were performed on the
snATAC-seq data using ArchR (Granja et al., 2021). All nuclei from the five technical
replicates were clustered together, and nuclei with high gene accessibility score around the
RBFOX3 gene were identified as neurons. Of note, the neuronal nuclei could be clustered into

11 excitatory and 5 inhibitory dorsal horn clusters as seen with snRNA-seq (Figure 16A)
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(Chapters 2 and 3). Furthermore, we carried out high-dimension clustering of the snATAC to
compute gene accessibility scores using the previously described snRNA-seq macaque dorsal
horn gene expression data to align clusters from the two datasets together. We detect an average
of 40 nuclei per cell type with ~20,000 — 25,000 fragments per cell, yielding more than 200
high-quality nuclei per neuronal cell type for cluster-level epigenomic analyses (Figure 16B).
To visualize the higher-order relationship between the clusters, the snATAC-seq clusters were

labeled by the corresponding meta-analysis derived families (Figure 16C).

95



A.
snATAC clusters w/ snRNA-seq labels
.5
10 2 ™
o By ol e
1ol o )
8 8
% ) pr 7 J_}I’5
= oy ol
6
10
20 1
RENE ¢ 5 19
UMAP Dimension 1
M 1-GABA1 M 5-GABA5 M 9-GLUT4 M 13-GLUT8
B 2-GABA3 = 6-GLUT1 © 10-GLUTS M 14-GLUT9
M 3.GABA3 M 7-GLUT2 ™ 11-GLUTE ™ 15-GLUT10
M 4-GABA4 W 8-GLUT3 ™ 12-GLUT7 M 16-GLUT11
C.

snATAC clusters w/ Russ et al. labels

UMAP Dimension 2

i
o

numCells
o
2 3

e
b

o
]

w
g

o
=

Avg. nFrag per Cell (x 1000
e R g

# Cells In Each Neuronal Subtype

GABA

GLUT

. =)
@
!% &
D + -
-
e
TNl ey
=4
R - R
£ ¢« < 3 &« EEEEEEEEE = =
s aasda 5555555565 ¢%¢E
22223 2332323323255
o 9 O ¢ O UL’):IDUGLQ(_,GG
Clusters

Sample ® DH-1

DH-2 = DH-3 + DHA

GABA

GLuT

%ﬂsﬁﬁ

Ao

:

CABAT

GABAZ
GABAZ
GABAL
GABAS

GLUTH

GLUT3
GLUT4
GLUTS

GLUT2 ﬂi
L 3
]

SLUTS 1t
GLUTE D‘
I

GLUT?
GLUTS

Clusters

GLUTY '«ﬁ ;]

auto I b=

GLUTH1

UMAP Dimension 1

M 1- AdamtsS W 4- Maf 7-Prkcg = 10- Rreb1
m2- Cdh3 5-Npy m8-Reln 11- Sox5
m3- Cpned 6- Pdyn m9-Rorb

Figure 16. Representation of snATAC-seq fragments across all 16 dorsal horn cell types

A. UMAP showing snATAC-seq clusters annotated based on their correlation to the snRNA-seq clusters. B. Plots
showing the number of cells (top) and average number of fragments (bottom) across the dorsal horn cell types
from each technical replicate. C. UMAP showing snATAC-seq clusters annotated based on their correlation to

the meta-analysis families.
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4.4 Discussion

These data lay the groundwork for identifying the ‘regulatory code’ of individual dorsal
horn cell types across species. Though this work is ongoing, here we show that clusters from
the snATAC-seq align well with those from the snRNA-seq. Furthermore, approximately 200
high-quality nuclei per cell type are available, offering the scope to probe the chromatin
accessibility of all 16 distinct cell types and compare it to the mouse. Additionally, fragments
from glial cells, which have been shown to be important for dorsal horn pain mechanisms, were
also clustered based on their accessibility scores to glial cell marker genes such as GFAP for
astrocytes and MBP for oligodendrocytes (data not shown).

Classically, studies employed methods such as DNase-seq, MNase-seq or Chip-seq to
understand the epigenetic structure and identify promotor regions of individual genes (Landt
et al., 2012; Song & Crawford, 2010; Zaret, 2005). However, these methods require a high
input cell number and the protocols are time-consuming. ATAC-seq in contrast, is a simple
protocol that can be performed in a few hours with just 50,000 cells. Thus, we adopted this
method to probe the transcriptional profiles of dorsal horn neuron populations. Additionally,
while studies have attempted to achieve cell-type specific targeting in brain regions using
promoters or enhancers delivered in viral vectors, there has been a lack of attention on the
dorsal horn- a region with numerous candidate targets for pain therapeutics (Dimidschstein et
al., 2016; Lawler et al., 2020; Mich et al., 2021). The work described in this chapter therefore
attempts to reconcile this gap in knowledge. Importantly, the snATAC-seq analyses will be
supplemented by analysis of the macaque ventral horn multiome (snRNA-seq+snATAC-seq)
to ensure that candidate REs a5.re specific to genes of dorsal horn cell types and do not overlap

with ventral horn populations.
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5.0 General Discussion

5.1 Importance of a classification scheme

Through a large-scale transcriptomic analysis of the macaque dorsal horn (Chapter 2-
4), several key features were observed. The macaque dorsal horn neurons are molecularly
diverse. Similar transcriptomic analyses in the mouse spinal cord also highlighted this
molecular diversity, particularly in comparison to ventral horn neurons (Russ et al., 2021;
Sathyamurthy et al., 2018). This diversity is not only limited to the neurochemical profiles of
dorsal horn neurons but also extends to their morphological and physiological features. Thus,
it has been challenging to reach a consensus in their molecular and functional organization.
Separate studies have looked at individual neuropeptide gene expression in monkey spinal
cords using immunohistochemistry (Zhang et al., 1995; Zhang et al., 1993). However, using a
combination of snRNA-seq with computational analyses (Chapter 2), we provide a more
comprehensive atlas of the molecular profiles of all dorsal horn neurons. I show that the
neurons can be clustered in to 11 excitatory clusters and 5 inhibitory clusters based on their
distinct gene expression profiles. One of the main organizing principles of the spinal cord is
the Rexed laminae, which divides the dorsal horn into different layers based on the
cytoarchitecture (Rexed, 1952). As described in Chapter 1, the functional organization of the
dorsal horn also appears to depend on this laminar organization. Thus, I examined the spatial

distribution of neurons belonging to the 16 identified molecular cell-types using in situ
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hybridization. Many of the excitatory cell-types show lamina-specific enrichment while
inhibitory cell-types are distibuted across several dorsal laminae. I predict that this cellular
organization may play an important role in allowing excitatory cell-types to differentially
transmit pain, itch or touch information to supraspinal regions depending on if they are present
in the superficial or deeper dorsal horn respectively, while inhibitory neurons share a common
role in gating transmission of the various microcircuits formed by these excitatory cell types.
However, further studies involving cell-type specific targeting as proposed in Chapter 4 are
required to determine whether the discrete dorsal horn cell types perform functionally discrete
roles, and how this compares to the ventral horn where neurons share largely overlapping gene

expression profiles (Russ et al., 2021).

5.1.1 Conserved cellular and molecular organization between mouse and macaque

In Chapter 3, we performed a cross-species comparative analysis between the mouse
meta-analysis and macaque dorsal horn cell types. We noticed that by grouping the macaque
clusters according to their corresponding mouse families-which are higher-order clusters, a
remarkable conservation in their laminar organization could be seen. Thus, there was a strong
correspondence between both the cellular and molecular organization of the dorsal horn
neurons. Briefly, as seen in the mouse dorsal horn, we find that glycinergic neurons (neurons
expressing the GLYT?2 transporter) are primarily present in the deeper dorsal horn laminae.
Channels and receptors that express in specific cell types in the mouse dorsal horn also appear
to be present in the corresponding cell type of the macaque. For example, in mouse, HCN4

immunoreactivity was seen in PV and PKCy expressing cells in the dorsal horn. We observe a
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similar enrichment of this channel in cells expressing PVALB or PRKCG. Thus, we could
predict that molecularly conserved cell types show conservation in their functional roles.

From comparative analyses, we could similarly predict which macaque clusters contain
projection neurons based on the expression of molecular markers identified in the mouse.
However, these are only correlations and further validation is required through retrograde
tracing combined with histology or sequencing in the primate. Such viral tracing studies would
again require a strategy for cell-type specific targeting.

In Chapters 1 and 3, I focused on the role of neuropeptides because neuron populations
expressing these neuropeptides largely show a lamina(e) specific enrichment and their gene
expression profiles are mostly distinct. The expression pattern of neuropeptide-expressing
populations is also surprisingly conserved across mouse, macaque and human with slight
differences. We have seen from rodent pain and itch studies, that these neuropeptide expressing
neurons play important functional roles. Thus, they are good candidates for functional studies

in the primate dorsal horn and may also be potential therapeutic targets.

5.1.2 Genes differentially expressed between mouse and macaque

Single-cell or nucleus transcriptomes of primary afferents and brain regions across
species have shown important differences that must be considered for translational studies (He
et al., 2021). In Chapter 3, we highlight several differences in gene expression between the
mouse and macaque cell types that can be probed in future experiments. One such example is
the expression of mechanosensitive ion channel PIEZOZ2 which has been reported in primary

sensory neurons and spinal cord ventral horn, but not in the dorsal horn (Ranade et al., 2014).
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I speculate that cells expressing this channel in the macaque dorsal horn play an important role
in conveying light touch information, however this requires further investigation.

Thus, the single nucleus transcriptomic analysis provides valuable insight into the
organization of dorsal horn neurons in primate and importantly also offers several potential

targets for further study.

5.2 Experimental Limitations

A primary limitation of the transcriptome studies described in Chapters 2-4 is that only
male macaques were used. The challenge of obtaining fresh macaque spinal cord samples
coupled with the cost of sequencing technology hampered us from running more biological
replicates. However, in the in situ hybridization studies discussed in Chapter 2-3 I did not find
any observable differences in the expression of genes probed between male and female
macaques. Our future studies will commit to processing and analyzing spinal cords from female
macaques, particularly for snATAC-seq. The chromatin landscape can vary not only across
tissues but also between males and females, across development, and in disease conditions as
reported by other studies (Gorkin et al., 2020; Liu et al., 2019; Wang et al., 2021). All of these
are important considerations that must be taken into account when endeavoring to identify a
reliable regulatory code for specific cell-types. In our snRNA-seq study, we used naive young-
adult macaques and while we did not directly compare their transcriptional profile to older

adult macaques, we show that our proposed macaque clusters show a strong correlation to the
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mouse meta-analysis-derived clusters which contained datasets ranging from embryonic to
adult ages (Russ et al., 2021).

The RNAscope® technology is a qualitative assay. Variability between experimental
runs or individual samples can affect the quality of mRNA expression making an accurate
quantitative assessment difficult, thereby discouraging any statistical inference. Another
confounding feature of primate tissue is the wide-spread presence of fatty deposits i.e.,
lipofuscin which look like positive in situ signal. To mitigate misinterpretation of the total
neuropeptide counts of the specific genes probed in Chapters 3, I sampled sections taken from
2-3 macaque or human donor tissue samples and report normalized counts. We also used a
background subtraction method to account for false positives arising from the presence of
lipofuscin. Thus, though the counts may underrepresent the actual number of neurons
expressing the different neuropeptides, it still provides a clear summary of which laminae show
enrichment of individual neuropeptides.

For the snRNA-seq, we deep sequenced the samples and achieved ~50M reads per
animal. Overall, we report a good representation of individual genes and cell types. However,
there are a limited number of genes that are not represented in our dataset, such as Sstr2 and
Npff which are expressed in the superficial part of the rodent dorsal horn (Das Gupta et al.,
2021; Prasoon et al., 2015). The absence of these genes in our dataset is likely due to incomplete
annotation of the macaque genome or insufficient number of reads captured from these genes.
Indeed, I observed Npff mRNA expression through in situ hybridization in the superficial

macaque dorsal horn (data not shown).
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5.3 Future Directions

The main rationale for the experiments conducted in Chapters 2-4 is to establish an atlas
for the primate dorsal horn which will enable functional and anatomical characterization of the
molecularly discrete cell types and ultimately an understanding of the dorsal horn circuitry
underlying somatosenation. As mentioned in section 5.2, a necessary next step is to sample
more biological replicates for the snATAC-seq analysis with a separate analysis on differences
in the chromatin landscape between male and female macaques. Furthermore, work is
underway to perform a multiome analysis of the spinal cord ventral horn since our primary goal
is to develop a strategy to selectively target individual genes of dorsal horn neurons and not
ventral horn populations. Additionally, snATAC-seq of the primate DRG may also be
necessary for the same reason. This will be challenging as several genes of interest such as
CCK or PVALB are expressed in deeper spinal cord and DRG in primates. Strategies to restrict
RE-driven transgene expression to the dorsal horn will likely require optimization of a number
of factors such as viral serotype and method of delivery. Also, snATAC-seq data of the mouse
dorsal horn may also be required to train the machine learning model to identify regulatory
codes for specific genes that are conserved across species.

Candidate REs can be cloned into viral vectors along with a reporter transgene to assess
their ability to drive expression efficiently and selectively in dorsal horn neuron populations of
interest. The best candidates can then be used for subsequent experiments. An additional test
would be to use the selected REs to drive Designer Receptor Exclusively Activated by Designer
Drugs (DREADD) expression and perform behavioral assays before and after ligand
administration. To validate the behavioral readout, this must be first tested with proper controls

and in populations that have already been functionally characterized using transgenic Cre lines,
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such as the CCK neurons (Acute viral inhibition of CCK neurons reverses mechanical allodynia
following inflammatory and neuropathic pain) (Peirs et al., 2021).

Finally, the best candidate REs can be screened in the primate dorsal horn similar to the
approach in mice, by assessing if reporter expression is specific to the cell type and the
percentage of coverage obtained, using histological approaches. As mentioned in Chapter 1,
the use of transgenic mice that mark developmental populations or the lack of specific Cre lines
limit our interpretations and understanding of the dorsal horn neurons. The larger scope of our
proposed strategy implies that REs that are species-independent can be used to achieve cell-
type specificity in mice as well as in primates, to bridge our gap in understanding how dorsal
horn neurons are connected and form microcircuits. The putative REs can be used for viral
tracing studies to determine the molecular properties of projection neurons in the non-human
primate dorsal horn and subsequently their morphological and physiological properties.

Genome-wide association studies (GWAS) is an approach in which genome regions are
analyzed for genetic variants that may be associated with disease conditions or other
phenotypes. Overlapping chromatin accessible regions with GWAS variants has helped
identify single nucleotide polymorphisms located within specific genomic regions (Cano-
Gamez & Trynka, 2020; Srinivasan et al., 2021). Thus, by comparing the snATAC-seq data
(Chapter 4) with GWAS, future studies can examine any dorsal horn cell-type specific biases
that occur for disease associated-traits.

While largely unexplored in my thesis, we identified through our snRNA-seq and
snATAC-seq analysis a large proportion of glial cells and clustered them based on their
expression of well-established marker genes. These data can be therefore be probed further to
identify cross-species differences as well as to inform studies that require selective targeting of

dorsal horn glial types for functional analysis.
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Ultimately, future experiments can use selected REs to drive expression of designer
receptors in the primate dorsal horn to activate or inhibit specific populations for functional

interrogation and for therapeutics.
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Appendix A Human Spinal Cord Tissue

As mentioned in Chapter 3, all human spinal cord procurement procedures were
approved by the Institutional Review Boards at the University of Texas at Dallas. The
following table provides additional information on the human donors.

Table 3. Human patient tissue information

Donor ID Age Sex Race COD Medical History

AHLLO052 64 M White CVA/Stroke HTN; Diverticulitis

and colon resection ~a
year ago; 40 pack year
smoking hx; Cataracts

both eyes.

AHHJ227 44 F Black | Anoxia/Cardiac HTN, Obesity, Thyroid
Arrest
disease, Seizure and heart
attack on this admission,
Cesarean and Tubal only

surgeries 20 and 17 years

ago respectively

AHIB407 57 F Black CVA/Stroke HTN, Previous Stroke;
CAD; significant smoking

history (60 pack years)
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Appendix B Species-specific enrichment of genes

The following supplementary figures refer to Section 3.3.4. Data regarding the specialized

genes are not shown here.
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Figure 17. Macaque specific enrichment of genes across clusters

Correlation plots of genes enriched within defined clusters of the macaque. Significant genes (black circles) within
each cluster show p < 107 and log-fold-change > 1 relative to other clusters of the macaque. Among these, genes
are macaque specific or specialized (yellow circles) if they show enrichment scores of p < 107 and log-fold-
change (Ifc) > 2 (compared across macaque clusters) and the orthologous mouse gene shows Ifc < 0 (compared

across mouse clusters).
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Figure 18. Mouse-specific enrichment of genes across clusters

Correlation plots of genes enriched within defined mouse clusters grouped by their family identity.
Significant genes (black circles) within each cluster show p < 103 and log-fold-change > 1 relative to
other clusters of the mouse. Among these, genes are mouse specific or specialized (yellow circles) if
they show enrichment scores of p < 10-% and log-fold-change (Ifc) > 2 (compared across mouse clusters)

and the orthologous macaque gene shows Ifc < 0 (compared across macaque clusters).
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Appendix C Identifying the role of CCK sub-populations in the allodynia circuitry

Identifying the molecular profiles of dorsal horn neurons and their classification can
provide important insight into their functional role. To exemplify, I provide the following
section summarizing from ‘“Mechanical allodynia circuitry in the dorsal horn is defined by the
nature of the injury” (Peirs et al., 2021). Briefly, chemogenetic inhibition of dorsal horn
populations was achieved using the AAV8.hSyn.FLEX.PSAML141F-GlyR.IRES.EGFP virus
which contains the designer receptor PSAM-GIlyR. The authors targeted CCK, Calretinin,
tVGLUT3 and PKCy (using AAVDJ.pCAG.FLEX.PSAMLI141F-GlyR virus) neurons.
Through behavioral assays, the authors report that i. CCK and PKCy neurons are important for
the transmission of mechanical allodynia following neuropathic injury, ii. VGLUT3 neurons
transmit dynamic allodynia following both neuropathic and inflammatory injuries and iii. CCK
and Calretinin neurons transmit mechanical allodynia following inflammatory injury.

To identify which sub-populations targeted by the virus mediates the observed
phenotype, 1 performed intraspinal viral injections of AAVS8.hSyn.Dio.EGFP into three
different transgenic Cre lines (Cck, Vglut3 and Calretinin) and looked for the co-expression of
markers (identified from Haring et al 2018 study) of their respective sub-populations through
in situ hybridization. For example, “In the case of CCK, wviral targeting of
AAV8.hSyn.DIO.EGFP in the dorsal horn of P21 CCK®® mice labeled neurons located
primarily in the deep dorsal horn (laminae I1I-IV), that did not include CR or PKCy expressing
neurons (Figure 19A-B). As predicted, EGFP" cells overlapped extensively with Cck and

expressed Cpne4 and/or Maf, but not Trh (Figure 19C-F).
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Figure 19. Molecular characterization of virally targeted CCK neurons

A and B. Schematic of CCK®®mice injected with AAV8hSyn.DIO.EGFP virus. In the dorsal horn,
EGFP+ neurons (red) are predominantly in lamina III with scattered cells in laminae II, IV, and V. Cells do not
colocalize with PKCy (green) or CR (blue). The yellow box shows the location of the inset. The arrow points to
an example of an EGFP+ cell. Scale bars, 100 and 20 um. C and D. Nearly all EGFP+ neurons (red)
express Cck (green). Consistent with no PKCy colocalization, none express Trh (blue). The values are percentages
of the total EGFP+ neurons. The yellow box shows the location of the inset. The arrow points to an example of a
colocalized cell. Scale bars, 100 and 20 um. E and F. Most EGFP+ neurons (red) overlap with Maf (green)

and/or Cpne4 (blue). The values are a percentage of the total EGFP+ neurons. The yellow box shows the location
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of the inset. The arrow points to an example of a colocalized cell. Scale bars, 100 and 20 um.
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Appendix D Multiplex in situ hybridization of the primate and rodent DRG and
spinal cord

The following section is reprinted from a book chapter I co-authored for the book titled
“Contemporary Approaches to the Study of Pain: From Molecules to Neural Networks” which
is part of the Neuromethods series. Here, I provide a comprehensive description and protocol

for the in situ hybridization technique employed in Chapters 2 and 3 of my thesis.

Introduction:

Fluorescence in situ hybridization (FISH) is a cytogenetic technique that allows spatial
detection, localization and quantification of nucleic acids inside cells or tissues for the analysis
and study of genomic sequences and transcriptomic expression profiles. This technique relies
on the hybridization of sequence-specific probes to their complementary RNA or DNA target,
and most recently it has been used in medical applications for the detection and diagnosis of
cancer, syndromes and genetic abnormalities (Huber et al., 2018). It has also contributed to
many areas of research, including gene mapping, gene expression, viral infection, and
cytogenetics (Jensen, 2014).

Historically, the first in situ hybridization (ISH) was performed in 1969 using
radioactively labeled probes (H> RNA probes) to study the binding of ribosomal RNA (rRNA)
to the DNA which codes for it (rDNA) in a cytological preparation of oocytes (Pardue & Gall,
1969). Although radioisotope-labeled nucleotides were used as the gold standard for ISH; low
sensitivity and resolution, high background, and long turn-around times were some of the

disadvantages that led to the further development of non-radioisotopic labeling approaches in
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the late 1970s including the use of hapten-labeled probes and enzymatically- or fluorescently-
conjugated antibodies (Langer-Safer et al., 1982; Manning et al., 1975; Rudkin & Stollar,
1977). In the early 1980s, direct fluorescent detection and fluorescence-labeled probes were
applied to in situ hybridization, marking the beginning of the modern era of fluorescence in
situ hybridization (FISH), which was followed by growing technical advances in protocols that
showed improved resolution and speed (Levsky & Singer, 2003). The improvements were
mainly in probe design and labeling strategies, such as the synthetic oligonucleotide-based
FISH probes, which can be specifically designed to detect splicing variants, single-nucleotide
polymorphisms and for the simultaneous detection of multiple transcripts with high sensitivity
and specificity in multiple types of biological samples (Beliveau et al., 2015; Kwon, 2013;
Lubeck et al., 2014; Raj et al., 2008; Wang et al., 2012).

Until recently, the implementation of FISH required skilled personnel, protocol
validation and procedures that needed to be optimized empirically for each experiment (probes,
samples, etc.). However, many new technologies and validated protocols have emerged in the
past few years, reducing the hands-on time and the need for experienced personnel, while
increasing the consistency and reproducibility across different sample types and species. In this
chapter, we will focus on RNAscope® (Wang et al., 2012), a cutting-edge ISH technology with
a unique probe design strategy and a hybridization-based signal amplification system to
simultaneously amplify signals and suppress background (Wang et al., 2012). It has become
one of the most highly utilized techniques by the neuroscience field for the detection of target
RNAs within intact cells and has become a promising platform for the translation of RNA
biomarkers into molecular diagnostic assays. The field continues to rapidly evolve, including
new methods to detect hundreds or thousands of expressed genes in situ with single-cell
resolution (Waylen et al., 2020). This is a fast, reliable turnkey method for the common

situation where a simple FISH with or without immunohistochemistry (IHC) is needed.
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Technology:

The RNAscope® technology surpasses traditional ISH techniques by offering shorter protocol
times, high sensitivity for the detection of even low-level expressed genes, and the ability to
probe for multiple RNA targets simultaneously. Moreover, unlike past ISH strategies, the
RNAscope® technology has been shown to work well in tissue perfused with a fixative, as well
as in fresh frozen tissue. This technology utilizes a Z shaped probe, the bottom part is designed
to be complementary and specific to the target RNA and is ~18-25 bases. The upper and bottom
parts of the Z probe are separated by 14 base tail spacer sequence. There are 20 pairs of Z
probes per target mRNA, but it is possible to achieve a minimum hybridization with 6 pairs of
Z probes. Thus, mRNA targets of >300 bases can be detected, resulting in greater specificity.
The signal amplification event is initiated by pre-amplifiers which detect and bind to the 28
base sequence formed by two adjacent Z probes. This is followed by a series of amplification
steps in which pre-amplifiers are bound by amplifiers that contain binding sites for
fluorophores or for chromogenic enzymes (Wang et al., 2012).

1. Materials:

The following items may be purchased directly from ACDBio:

e RNAscope® Multiplex v2 Fluorescent kit.

e HybEZ™ Hybridization System.

e Catalog Probes or Made-to-Order Probes. ACDBio can design custom probes provided
you give them the exact sequence or nucleotide accession number from GenBank. For
optimal results, the target sequence should be > 300 bases in length. If you plan to detect
more than one gene at a time in the same slide, remember to assign different channels
to each of the probes.

e Probe diluent.

e 3-plex control probes.

Items from other manufacturers:

e ImmEdge Hydrophobic Barrier PAP Pen (Vector Laboratories).
e TSA® or Opal Dyes — Fluorescein, Cy3 and Cy5 (Akoya Biosciences).
e Superfrost Plus microscope slides (Fisherbrand).
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2.

ProLong™ Gold Antifade Mountant with DAPI (Invitrogen). Note: You can also
purchase the mountant without DAPI if you want to use the DAPI that comes along
with the Multiplex kit from ACDBio — recommended by the manufacturer.
Coverslips.

Fluorescent microscope that can visualize the fluorescein, Cy3 and Cy5 fluorophores.
Water bath that can be set at 40°C.

20X Saline-sodium citrate buffer (Sigma-Aldrich).

O.C.T compound (Tissue-Tek).

EasyDip™ Slide Staining System.

1X PBS.

Milli-Q water.

100% Ethanol.

Method

Below is a modified protocol for RNAscope ISH that works consistently across different tissue

samples. Please also visit the ACDBio website for the specific manufacturer’s instructions.

2.1 Tissue Preparation:

The manufacturer’s protocol provides three different methods of tissue preparation. Here, we

focus on mice perfused with a fixative.

1.

Perfuse the animal with nuclease-free 1X phosphate-buffered saline (1X PBS, pH 7.4),
followed by freshly prepared cold 4% paraformaldehyde (4% PFA, pH 7.4) in 1X PBS.
Working with fixed tissue is advantageous as the RNAscope® ISH can then be
combined with immunohistochemistry (IHC) using the Multiplex v2 kit. Tissue
expressing a viral reporter or tissue harvested from transgenic reporter mice can also be
probed with this protocol.

Dissect out the tissue of interest and transfer it to 4% PFA. Post-fix for 2 hours at 4°C.
Then transfer the tissue to a tube of freshly prepared 10% sucrose in 1X PBS (See Note
1).

After the tissue sinks to the bottom of the tube, transfer it to 20% sucrose in 1X PBS.
Repeat this step with 30% sucrose in 1X PBS.

Let the tissue remain in this solution for 48 hours before embedding it in OCT. Freeze
the tissue in the OCT mold using dry ice and then store in an airtight container at -80°C
until you are ready section it.

Prior to sectioning, remove the tissue from the -80°C and place it in the cryostat at -
20°C for 30-45 minutes.

Cut the tissues onto Superfrost Plus slides leaving room on the slide to draw a
hydrophobic barrier with the Pap Pen. As per the manufacturer’s protocol, it is not ideal
to cut tissues at a thickness greater than 20 um.

. After sectioning, let the slides sit in -20°C for 30 minutes before storing them at -80°C

or proceed directly to step 2 under Pretreatment.
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2.2 Before Starting the Assay:

Reconstitute the fluorophore and store the stock solutions as per the manufacturer’s
instructions (Akoya Biosciences). Make note of which fluorophore you would like to
assign to each of the probes. Do not assign the same fluorophore to probes of two
different channels.

Prepare fresh 1X Wash Buffer as per the manufacturer’s instructions.

2.3 Pretreatment:

Prior to hybridization, there are a few pretreatment steps to help unmask the target nucleic acid

and allow probe penetration. We use the EasyDip™ Slide Staining System for easy transfer of

slides from one solution to another.

1.

10.

11.

12.

13.

14.

Before starting, turn on the HybEZ™ oven and make sure the temperature is at 40°C.
Ensure that the humidity control tray with the wet filter paper is placed inside the oven
(See Note 2).

When you are ready to begin the RNAscope® in-situ hybridization, take the slides out
of the -80°C and keep it outside for 10-15 minutes.

. Wash the slides with 1X PBS for 2 minutes with gentle agitation in order to remove the

excess OCT. Repeat this wash with fresh 1X PBS for 2 minutes.

Immerse the slides in freshly prepared 50% EtOH using the EasyDip™ Slide Staining
System for 5 minutes at room temperature (RT).

Immerse the slides in 70% EtOH for 5 minutes at RT.

Immerse the slides in 100% EtOH for 5 minutes at RT. Repeat this step with fresh 100%
EtOH.

Allow the slides to dry at RT for 5 minutes. Using the special PAP pen, draw a barrier
around the sections.

To block endogenous peroxidase activity, add hydrogen peroxide from the kit to the
tissue sections and incubate for 10 minutes at RT. Keep the slides in a hydrated chamber
to prevent the tissues from drying up.

Wash the slides with 1X PBS for 2 minutes with gentle agitation. Repeat this wash with
fresh 1X PBS for 2 minutes.

Add Protease IV from the kit to the tissue sections and incubate for 30 min at RT in a
hydrated chamber. This step causes permeabilization of the tissue to allow for optimal
hybridization (See Note 3).

Wash the slides with 1X PBS for 2 minutes with gentle agitation. Repeat again with
fresh 1X PBS. During this time, take out your probes from the 4°C and incubate them
at 40°C in a water bath or incubator for at least 10 minutes.

Let the probes cool down to RT. C2 and C3 probes must be spun down. As per the
manufacturer’s protocol, mix 1 volume of C2 and 1 volume of C3 to 50 volumes of C1
probe or the probe diluent in an Eppendorf tube. This is ~ 4 pL of C2/C3 probes to ~ 7
drops of C1 probe or ~7 drops of the probe diluent (See Note 4). Invert to mix.

Ensure that the slides don’t have any excess liquid before adding the mixed probe
solution to completely cover the sections.

Place the slides in the EZ-Batch™ Slide rack and insert the rack into the oven.
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15.
16.
17.

Let the probes hybridize for 2 hours at 40°C.

After the hybridization, remove the slide rack from the oven (See Note 5).

Wash the slides with 1X Wash Buffer for 2 min at RT with gentle agitation. Repeat this
step with fresh 1X Wash Buffer.

At this point, you have the option to stop and store the slides in freshly prepared 5X SSC

buffer overnight (O/N) at RT or else proceed directly to step 4 under Amplification.

2.4 Amplification

For the subsequent amplification steps, remember to equilibrate the reagents (Ampl, Amp2,

Amp3,

HRPs and HRP blocker) at RT prior to starting. Do not let the slides dry out at any point

during the assay.

1.

10.

11.

12.

13.

Turn on the HybEZ™ oven if continuing with the protocol the next day and make sure
that the temperature is at 40°C. Place the humidity control tray with the wet filter paper
inside the HybEZ™ oven.

After the temperature of the oven is stabilized at 40°C for at least 30 minutes, proceed
to the next steps.

Remove the slides from the 5X SSC Buffer and wash with 1X Wash Buffer in the
EasyDip™ Slide Staining System. Repeat this step with fresh 1X Wash Buffer.

Pour off any excess liquid from the slides and place the slides in the EZ-Batch™ slide
rack. Add enough drops of Ampl to properly cover the tissue sections on the slide.
Carefully insert the EZ-Batch™ slide rack into the oven. Incubate for 30 minutes at
40°C in the oven.

Remove the slide rack and pour off any excess liquid from the slides.

Wash the slides with 1 X Wash Buffer for 2 min at RT with gentle agitation. Repeat the
wash with fresh 1X Wash Buffer.

Pour off any excess liquid from the slides and place the slides in the EZ-Batch™ slide
rack. Add enough drops of Amp2 to properly cover the tissue sections on the slide.
Carefully insert the EZ-Batch™ slide rack into the oven. Incubate for 30 minutes at
40°C in the oven.

Remove the slide rack and pour off any excess liquid from the slides. Wash the slides
with 1X Wash Buffer for 2 min at RT with gentle agitation. Repeat the wash with fresh
1X Wash Buffer.

Pour off any excess liquid from the slides and place the slides in the EZ-Batch™ slide
rack. Add enough drops of Amp3 to properly cover the tissue sections on the slide.
Carefully insert the EZ-Batch™ slide rack into the oven. Incubate for 15 minutes at
40°C in the oven.

Remove the slide rack and pour off any excess liquid from the slides. Wash the slides
with 1X Wash Buffer for 2 min at RT with gentle agitation. Repeat the wash with fresh
1X Wash Buffer.
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The following HRP signal development steps will depend on the channels assigned to the
probes. Develop the HRP signal one by one for each probe used in the experimental run. For
example: develop the HRP-C1 signal for the Cl-assigned probe followed by the HRP-C2 for
the C2-assigned probe.

2.5 Preparation of the TSA® Fluorophores:

Use the TSA buffer provided by the RNAscope® kit to dilute the fluorophores. About 150-200
uL of the TSA buffer is sufficient to cover the slide. Follow the recommended dilution range
(1:750-1:3,000) of the TSA® dyes fluorophore as mentioned in the manufacturer’s protocol.

1. Pour off any excess liquid from the slides and place the slides in the EZ-Batch™ slide
rack. Add enough drops of the HRP-C1 to properly cover the tissue sections on the slide
and incubate in the oven for 15 min at 40°C.

2. After incubation, remove the EZ-Batch™ slide rack from the oven and wash the slides
in 1X Wash Buffer for 2 min at RT. Repeat the wash with fresh 1x Wash Buffer for 2
min at RT.

3. Pour off any excess liquid from the slide and add the prepared TSA® Plus fluorophore
to the slides placed in the EZ-Batch™ slide rack. Incubate in the oven for 30 minutes
at 40°C. This fluorophore is assigned to the C1 probe.

4. After incubation, remove the EZ-Batch™ slide rack from the oven and wash the slides
in 1X Wash Buffer for 2 minutes at RT. Repeat the wash with fresh 1X Wash Buffer.

5. Add enough drops of HRP blocker (provided in the kit) to properly cover the tissue
sections on the slide. Incubate in the oven for 15 minutes at 40°C.

6. After incubation, remove the EZ-Batch™ slide rack from the oven and wash the slides
with 1X Wash Buffer for 2 minutes at RT. Repeat the wash with fresh 1X Wash Buffer.

Similarly, develop the signal for HRP-C2 and HRP-C3 if you have probes assigned to those
channels. If you plan to do IHC following ISH, proceed to the next step, otherwise go to DAPI
Counterstain and Slide Mounting.

3. Immunohistochemistry

It is important to test your antibody by staining with the buffers that the manufacturer
recommends prior to running the immunohistochemistry in combination with ISH.
3.1 Materials:

e 1XTBS (pH 7.4).
e TBS-T Wash Buffer: 500 uL of 10% Tween®20 is added to 1 liter of 1X TBS Buffer.
e TBS-1% BSA: Add 0.5 g to 50 mL of 1X TBS. Aliquot and store in -20°C.
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Normal Donkey Serum (If secondary antibody is raised in donkey).

3.2 Method:

1.

10.

1.

12.
13.

4.

If needed, redraw the hydrophobic barrier with the PAP pen. Don’t let the slides dry
out.

Wash the slides in TBS-T Wash Buffer for 5 min at RT with gentle agitation. Repeat
with fresh TBS-T Wash Buffer.

. Prepare blocking solution by adding 10% Normal Donkey Serum (NDS) to TBS-1%

BSA. About 150-200 uL of solution covers the slide so prepare it accordingly. If a
particular primary antibody requires further permeabilization, Triton™ X-100 can be
added to the blocking solution at a recommended maximum concentration of 0.1%.
Add the blocking solution to the slides for 1 hour at RT. Make sure the slides are kept
in a humidified chamber.

Prepare the primary antibody solution by adding the primary antibody to TBS-1% BSA
at a concentration that has already been optimized.

Incubate the slides O/N at 4°C (See Note 6).

Wash the slides in TBS-T Wash Buffer for 5 min at RT with gentle agitation. Repeat
with fresh TBS-T Wash Buffer.

Add the respective Alexa Fluor-conjugated secondary antibody in TBS-1% BSA. If
using HRP-conjugated secondary antibodies, please refer to the manufacturer’s
protocol for dilution and incubation time.

Incubate the slides in the secondary antibody solution for 2 hours at RT. Remember to
keep the slides in a humidified chamber.

Wash the slides with TBS-T Wash Buffer for 2 min at RT with gentle agitation. Repeat
with fresh TBS-T Wash Buffer.

Remove the excess liquid from the slides. Add 2 or 3 drops of Prolong Gold antifade
mounting medium with DAPI on the slides and coverslip.

Dry the slides in the dark for 30 min.

Store the slides at 4°C or continue to image after the slides have dried.

Quantification

RNAscope® does not provide an actual quantitative measure of how many transcripts of a gene

are present in the tissue. It can be used in a semi-quantitative manner by providing scores

depending on the number of puncta present per cell and the number of dots lying within

clusters. Refer to the ACD Scoring system for this metric. If the goal is to determine the

approximate number of positive cells, a threshold of at least 3-5 puncta or more within a cell

is considered to be positive. For human or non-human primate tissue, we usually recommend

that the green channel remain blank due to the presence of lipofuscin (fatty deposits), which

may lead to false positive signal. The background in the green channel can thus be subtracted
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from the other channels. Alternatively, if all channels are needed for probe and/or staining
visualization, lipofuscin is imaged in an additional channel by exciting at a lower wavelength
and capturing at a much higher wavelength for example, by using the DAPI filter to excite at
405 nm and capture at 647 nm. A lipofuscin mask can then be created and subtracted from
other channels that overlap with this lipofuscin mask. Newer software platforms like dotdotdot
offer features to mask the lipofuscin autofluorescence as well as quantify and analyze the
mRNA (Maynard et al., 2020). Software such as ImageJ, Halo™, and FISH Finder (Shirley et
al., 2011) can be used to delimit areas of interest and count the cells in a more automated
fashion. Imagel also has a plugin called Cell Counter for the manual counting of cells.

5. Notes

1. After tissue fixation, the use of nuclease-free 1X PBS solution is optional.

2. Make sure the oven is at 40°C for at least 30 min prior to the probe hybridization
(Step 15).

3. If you see over-digestion of the tissue, use Protease III from the kit instead of
Protease IV.

4. 1 drop of the C1 probe or probe diluent is ~ 30 pL.

5. We save the probes in an Eppendorf tube at 4°C. The probes can be reused a
second time in a future experiment. Remember to place them at 40°C for at least
10 min after removing it from the 4°C. However, reusing the probes is not
recommended by the manufacturer so do a trial run before attempting this for
an actual experiment.

6. Incubation times may vary according to the manufacturer’s recommendation
time for the primary antibody.
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Appendix E The use of intraspinally injected chemogenetic receptor, PSAM-GIyR, to
probe the functional role of spinal dorsal horn neurons.

The following section is reprinted from a book chapter I co-authored for the book titled
“Contemporary Approaches to the Study of Pain: From Molecules to Neural Networks,” which
is part of the Neuromethods series. Here, I provide a description for how chemogenetics can
be used to investigate the functional roles of dorsal horn neurons, particularly in the context of
pain, and a protocol for intraspinal injection of viruses. Commonly used somatosensory
behavioral assays are also described here.

Introduction:

Our understanding of how the nervous system encodes behavior has accelerated with
the advent of genetically-encoded optogenetic and chemogenetic receptors that allow for the
acute and reversible in vivo manipulation of the excitability of select cell populations while
measuring behavior (Rajasethupathy et al., 2016; Sternson & Roth, 2014). The optogenetic
receptors are light-gated excitatory and inhibitory ion channels that act on a millisecond
timescale and can be applied acutely or chronically to circuits in vivo or in vitro in a spatially
restricted manner, as is described in detail in other chapters within this volume. Chemogenetic
receptors on the other hand are engineered to be selectively activated by otherwise inert
chemical ligands while unresponsive to physiological concentrations of endogenous ligands
(Pei et al., 2010). With the use of chemogenetic receptors, cell excitability can be controlled
on the order of minutes to hours depending on the pharmacokinetics of the ligand. The first
chemogenetic receptors to be commonly used are based on the human muscarinic receptor

subtypes, hM3Dq and hM4Di (Armbruster et al., 2007). Both are G-protein coupled receptors
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that regulate ion channel activity through second messengers with hM3Dq producing
membrane depolarization (excitatory) and hM4Di producing membrane hyperpolarization
(inhibitory). The ligand, clozapine-n-oxide (CNO), is designed to have high selectivity for
these receptors, but is also metabolized to clozapine (Jann et al.; Manvich et al., 2018). The
latter compound, a known psychotropic medication, acts on a range of endogenous receptors,
but importantly shows significantly greater potency for the hM3Dq and hM4Di designer
receptors. Selective activation of these DREADDs thus requires using CNO at <10 mg/kg or a
subthreshold dose of clozapine at 0.1 mg/kg (Gomez et al., 2017). A second Gi coupled
DREADD (inhibitory) is based on the kappa opioid receptor. This designer receptor is
engineered to have a high affinity for the otherwise inert ligand, salvinorin B, and thus when
combined with the muscarinic based DREADD allows for the differential control of multiple
cell populations within the same experiment (Vardy et al., 2015). Other synthetic agonists for
these DREADDs like the JHU3712, JHU37160 and Deschloroclozapine (DCZ) appear to be
promising alternatives due to their high brain penetrability and potency with minimal off-target
effects (Bonaventura et al., 2019; Nagai et al., 2020). Lastly, the proper control to interpret the
outcome of such studies requires testing in parallel mice that lack the receptor (e.g., injected
with a reporter only).

Ionotropic chemogenetic receptors, such as the PSAM series, comprise another
designer receptor system (Magnus et al., 2011). The PSAM receptors incorporate a mutated
version of the ligand binding domain of the human alpha-7 nicotinic receptor fused to either
the ion channel domain of the human serotonin (5-HT) subtype 3 receptor to generate an
excitatory receptor, PSAM-5HT3, or to the human glycine receptor to generate an inhibitory
receptor, PSAM-GlyR. Further refinements have been made to the ligand binding domain of

these receptors to increase their potency for highly selective FDA approved ligands, such as
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varenicline as well as other newly designed ligands called uPSEMs, such as PSEM 792, PSEM
793 and PSEM 819 (Magnus et al., 2019).

Chemogenetic studies of the neural circuitry underlying somatosensation in mice have
been applied to populations throughout the nervous system including peripheral sensory
neurons, spinal cord and brain (Francois et al., 2017; Peirs et al., 2021; Peirs et al., 2015;
Petitjean et al., 2015; Saloman et al., 2016). Studies have also utilized these receptors to study
the contribution of glial cells to the transmission of pain (Grace et al., 2018; Jayaraj et al., 2018;
Kohro et al., 2020). To gain access to select cell populations, many laboratories have taken
advantage of the Cre-lox system in mice, though efforts to identify regulatory elements that
can drive cell-type specific expression is allowing researchers to perform these types of
experiments independent of the Cre-lox system as well as in other species (Grace et al., 2018;
Tashima et al., 2021). Expression of the chemogenetic receptor is typically accomplished
through injection of an AAV encoding the Cre-dependent receptor either intrathecally or
intraperitoneally in the case of primary sensory ganglia, intraspinally for spinal cord cells or
intracranially to target brain cells, in mice expressing Cre recombinase in the target cell
population. Alternatively, mouse lines that have incorporated the second messenger coupled
receptors in the genome are also available. Because the ligands are typically delivered
systemically, precise cellular targeting of the receptor is key. Focal delivery of the ligand is
however another strategy that can be used to further refine which cells are manipulated.

Here we describe the use of the chemogenetic receptor, PSAM"*F_GlyR targeted to
specific excitatory neurons in the spinal cord to determine their role in acute somatosensory
behavior and in persistent pain after injury (Peirs et al., 2021). The paradigm involves
intraspinal injection of Cre-dependent PSAM**IF-GlyR packaged into AAVS and behavioral
testing three weeks later. Use of the AAVS serotype injected intraspinally confers selective

expression in the spinal cord with little to none in primary afferents or brain (Peirs et al., 2021;

123



Peirs et al., 2015). Mice are typically injected at P21, but also can be injected at younger or
older ages as needed. Behaviors are typically assessed when the mice reach 6 weeks of age.

In initial experiments, we have demonstrated that activation of PSAMM*F.GlyR
inhibits dorsal horn excitatory neurons in spinal cord slices using patch clamp
electrophysiology (Peirs et al., 2021). For this purpose, we injected AAVE hSyn-Flex-
PSAMM4F_GlyR-IRES-GFP in mice expressing Cre in a large population of excitatory
neurons (TI1x3¢®). After 2 weeks, we recorded from the neurons. Bath application of the
PSAMM4F_GlyR agonist, PSEM®*® (30uM) hyperpolarized the membrane and blocked action
potentials in response to current injection in GFP" neurons. The ligand had no effect on GFP-
neurons. A recent report using the newer PSAM4-GlyR inhibitory DREADD suggests that it
may alter the chloride gradient of striatal dopamine receptor 1 containing medium spiny
neurons, resulting in excitation rather than inhibition with receptor activation (Gantz et al.,
2021). This may extend to chloride channel DREADDs in general. It is therefore
recommended that all cell types are tested in slices prior to performing behavioral experiments.
Interestingly, although the behavioral outcome was as expected for activation of hM4Di in
primary afferents that express TRPV1, it was reported that the neuron showed altered sodium
and calcium currents and that the activity of morphine receptors in the cells was altered
presumably due to changes in the availability in second messengers, thus providing a note of
caution for those using the designer receptor (Saloman et al., 2016).

To assess the role of PSAM-GlyR expressing neurons in somatosensory behaviors, we
measure punctate mechanical thresholds with von Frey filaments, dynamic mechanical
responses with a cotton swab, the sensitivity to a piece of sticky tape, the noxious mechanical
pain response with a pinprick as well as thermal response with the Hargreaves assay or acetone

test. All are measured on the plantar surface of the hind paw. We also test the mice with the

124



rotarod to check for any deficits in fore- and hind limb motor coordination. Measurements are
taken 30-90 minutes following injection of saline or ligand (30 mg/kg).

Next, we determine whether the targeted excitatory neuronal population has a role in
the transmission of persistent pain using both neuropathic and inflammatory pain models since
our findings indicate that the dorsal horn network for mechanical allodynia differs depending
on the type of injury (Peirs et al., 2021). We also typically assay for both dynamic and punctate
allodynia and we also assay for heat or cold hypersensitivity depending on the pain model used.
There are a number of validated chronic pain models. The spared nerve injury (SNI) is a
commonly used neuropathic pain model because it is highly reproducible and produces robust
mechanical and cold allodynia (Decosterd & Woolf, 2000). In the sural version of this model,
which produces both punctate and dynamic allodynia, the tibial and common peroneal nerves
are cut and ligated and the sural nerve remains intact. The region of the hind paw innervated
by the sural nerve becomes hypersensitive (the lateral edge of the paw at the border between
the plantar surface and the hairy skin). In the spared tibial version of the model, the common
peroneal and sural nerves are cut and ligated and the tibial nerve is spared (Shields et al., 2003).
This model only shows punctate mechanical allodynia and cold allodynia and the
hypersensitivity is located in the middle of the plantar surface of the hind paw which
corresponds to where the tibial nerve innervates. We typically perform the surgery two weeks
after the virus injection and measure mechanical thresholds at 1, 2 and 6 weeks after the
surgery. Cold hypersensitivity using the acetone assay can also be measured at these time
points. A statistically significant decrease in the mechanical threshold to von Frey filaments or
a statistically significant increase in the response to the cotton swab indicates the expression of
punctate and dynamic mechanical allodynia, respectively. A significant increase in the time
spent responding to the acetone indicates cold allodynia. A significant reversal in the sensitivity

to punctate or dynamic mechanical stimuli or to acetone in mice expressing PSAM-GlyR after
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receiving the ligand, compared to saline injection, indicates a role for the neurons in the
transmission of allodynia caused by neuropathic injury.

To test the role of the neurons in an inflammatory pain model, we use carrageenan
(acute) or complete Freund’s adjuvant (CFA), which model acute and more chronic
inflammatory injuries, respectively. For the carrageenan model, 10 pl of lambda-carrageenan
is injected in the plantar hind paw and then punctate and dynamic allodynia as well as heat
hypersensitivity are measured 1-3 days later. For the CFA model, the plantar hind paw is
injected with 10 pl of a solution that is equal parts CFA and sterile 0.9% saline. The time
courses for the expression of punctate allodynia, dynamic allodynia and heat hypersensitivity
differ in this model, with heat hypersensitivity peaking typically 3 days following injection,
dynamic allodynia peaking 4 to 5 days following injection and punctate allodynia lasting at
least 1 week. Measurements after saline or PSEM®?® ligand injection are therefore taken at
these time points.

Following behavioral testing, we confirm expression of the PSAMM*F-GlyR receptor in the
dorsal horn of the mice by staining fixed sections with alpha-bungarotoxin conjugated to a
fluorophore (e.g., Alexa-647). The a-bungarotoxin binds to the ligand binding domain of the
a7-nicotinic receptor of PSAMM#F.GlyR. Fortuitously, we do not observe a-bungarotoxin
staining in the dorsal horn of mice lacking the PSAMM*F.GlyR, thus simplifying the
interpretation (Peirs et al., 2021). If a-bungarotoxin staining is absent at the expected site of

injection, behavioral data from the mouse is excluded from the study.

I. “Minimally Invasive” Intraspinal Injection
Herein, a modified intraspinal injection method based on Kohro et al. (2015) is described
(Kohro et al., 2015). This “minimally invasive” microinjection method allows delivery of AAV

vectors into the spinal dorsal horn without laminectomy or drilling.
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1. Materials

Reagents:

- Ethanol, 70%

- lodine solution

- Saline, sterile, 0.9%

- Lactated Ringers Solution with 5% dextrose
- Ketoprofen, sterile (5Smg/kg)

- Isoflurane

- Ocular lubricant, sterile

- Mineral Oil

Surgical Tools:

- 2 Dumont #5 fine forceps

- Spring scissors 8mm Cutting Edge
- 2 Schwartz Micro Serrefines

- Fine Scissors

- Noyes Spring Scissors

- Needle holder

- Dumont #7 Forceps

Equipment:

- Sterilization pack
- 6-0 Silk sutures
- 6-0 Nylon sutures
- Sterile Cotton swabs
- Sterile Eye spears
- Rechargeable clipper
- Sterile gauze
- Parafilm
- Kimwipes
- Heating pad
- Absorbent pad
- Isoflurane vaporizer
- Anaesthesia induction chamber
- Isoflurane scavenger
- Micropipette puller (P-97, Sutter)
- Fire polished glass capillaries (World Precision Instruments, #504949)
- CV-5-1GU headstage and compatible glass capillary holder (Axon Instruments)
- 5 pL glass microliter syringe (Hamilton, Model 7105 KH)
- Dental cement
- Polyethylene tubing
- Stereotaxic injector (Stoelting)
- Small animal stereotaxic frame with small animal spinal unit (Kopf)
o Spinal base plate (Kopf, model 912)
o 2 Adjustable base mounts with post and clamp (Kopf, model 982)
o “V” notch spikes (Kopf, model 987)
- Surgical microscope
- Mini microcentrifuge
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- 30-gauge needle
- 10 mL syringe

- 3 way luer lock
- 1 mL syringes

2. Methods

2.1 Custom Stereotaxic Injection Setup (optional)

In our laboratory, we created a custom stereotaxic injection setup which uses patch clamp
amplifier headstage as a glass capillary holder (Figure 20). We attached a CV-5-1GU headstage
from Axon Instruments to the stereotaxic frame. Then, we connected a 5 pL. Hamilton model
7105 syringe to the glass pipette holder attached to the CV-5-1GU headstage by polyethylene
tubing. Finally, to ensure a tight seal, we applied dental cement to each end of the polyethylene
tube. While this custom setup works consistently in our hands, any stereotaxic injection setup

will be fully compatible with the methods described in this chapter.

2.2 Preparation for the Surgery

1. Autoclave surgical tools in sterilization pack prior to surgery.
2. Pull glass microinjection needle using micropipette puller and store it in a container.
a. P-97 protocol: Heat=580, Pull=200, Vel.=20 Time=250 (You may decrease or
increase the heat setting to control the length of tapered tip).
3. Obtain necessary AAV aliquots containing vector of your choice and store it in an ice
bucket.
a. Titres between 10'2-10'® has worked consistently in our hands.
b. Multiple AAV vectors can be injected at the same time.
4. Load 1 mL syringe with sterile saline
a. This will be used to keep the surgical area moist throughout the procedure.
5. Load 1 mL syringes with 50% Lactated Ringers Solution (LRS) with 5% dextrose and
50% sterile saline.
a. This will be injected subcutaneously after the procedure to prevent severe
dehydration.
6. Load I mL syringe with necessary amount of ketoprofen solution (5 mg/kg final dose).
7. All solutions prepared in steps 4, 5, and 6 should be kept warm on heating pad before
injection.
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2.3 Preparation for the Stereotaxic Injector

Prior to surgery, glass microinjection needle should be mounted, trimmed, and loaded with

mineral oil. Methods described below is specific to our setup and this may vary depending on

type of stereotaxic injector unit.

1.
2.
3.

10.

Mount the headstage to the stereotaxic frame.

Mount the 5 uLL Hamilton syringe to stereotaxic injector.

Prepare a 10 mL syringe with mineral oil and 3-way luer lock connected to a 30-guage
needle. This is used to flush the injection loop and remove any air bubbles.

a. Ensure there is no air bubbles in the 10 mL syringes.

Carefully pull out the needle from Hamilton syringe and insert 10 mL syringe needle
into the opening of Hamilton syringe needle.

Slowly flush out any bubbles in the injection loop. It is critical to completely fill the
loop with mineral oil to ensure a smooth injection procedure without clog.

a. Excess mineral oil on the electrode holder should be cleaned with Kimwipe.
Once the stereotaxic injector loop is filled with mineral oil, close the 3-way luer lock,
and glass microinjection needle may be inserted into the electrode holder.

a. Tightly close the electrode holder by rotating the fitting counter-clockwise.
Using the surgical microscope trim the tip of the glass microinjection needle.

a. Having a coloured paper underneath the needle helps with contrast.

b. Tip diameter should be small enough to minimize the trauma to the spinal cord,

and large enough to allow sufficient flowrate of AAV solution.

c. Gently touch the tip of the needle with spring scissors and trim where the tip no
longer sharply bends with little pressure from the spring scissors. The tip must
be rigid and sharp enough to break through the pia membrane.

Opening the 3-way luer lock on the 10 mL syringe will push mineral oil through glass
needle.

a. Pull the 10 mL syringe out when mineral oil fills approximately 30% of the
glass microinjection needle. This is done to account for Hamilton syringe’s
plunger volume.

Reassemble the Hamilton syringe by inserting the needle through the plunger.

a. Mineral oil will have been pushed out of the needle. Using the stereotaxic
injector, draw back the Hamilton syringe to equilibrate the pressure. No mineral
oil should be coming out of the needle.

Set the injection volume to 1 puL and rate of injection to 200 to 300 nL/min. Ensure the
stereotaxic injector is set to dispense.

2.4 Surgical Procedures to Expose the Spinal Cord Segment

1.

Weigh the animal before inducing anesthesia.
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10.

11.

12.

Deeply anesthetize the mice in the anesthesia induction chamber with 5% isoflurane
and oxygen.

Transfer the mice from induction chamber to heating pad into a nose cone with 1.5-2%
isoflurane and oxygen flow.

a. We prefer to orient the mice horizontally during the surgical procedure;
however, any orientation may be used.

b. It is critical to maintain and monitor the respiration rate of the mice throughout
the procedure and adjust the concentration of isoflurane accordingly.

Apply ocular lubricant with sterile cotton swab.

Subcutaneously inject Smg/kg Ketoprofen.

Shave the thoracolumbar area with electric clipper.

Apply 70% ethanol to exposed skin area with sterile gauze to remove excess hair and
let it dry.

Subsequently, apply iodine solution to the shaved area with sterile cotton swab and let
it dry.

Lift the skin up with Dumont #7 forceps and make a small cut with Noyes spring
scissors. Then, cut along the midline to expose the thoracolumbar area underneath the
skin. Carefully tease away the facia by opening the spring scissors from closed position.
No damage to the muscle tissue should be done during this step. Finally, clip the skin
away from the exposed muscle tissue with Schwartz Micro Serrefines.

Make sure to keep the surgical area moist by applying small volume of sterile saline
throughout the procedure.

Intervertebral space between T12 and T13 vertebral spine allows injection to L.3-L4
region of the spinal cord. Alternatively, you may choose to inject into intervertebral
space between T13 and L1 vertebral spine to target L4-L5 region of the spinal cord.
There are landmarks that may help with identification of these regions (See Harrison et
al., 2013 for detailed MRI images of mice spinal cord segments) (Harrison et al., 2013).
The T13 vertebra is connected to the last rib of the mice, and this can be identified by
gently pushing along the ribs of the animal with forceps (below T13 there will be no
resistance when you push with forceps). Alternatively, one may choose to count the
vertebral column from the iliac crest which is attached to the L6 vertebra (See Haenraets
et al., 2018 for an excellent video guide to identifying vertebral landmarks) (Haenraets
et al.). Once the correct vertebral spines have been identified, you may gently push
between the vertebral spines with forceps to identify the intervertebral space
(intervertebral space will have no resistance when pushed with forceps). This step is
critical for this procedure as correct identification of the intervertebral space minimizes
the damage to the muscle tissue.

Gently tease away the muscle tissue by blunt dissection using 2 Dumont #5 fine forceps
under the surgical microscope.

a. If bleeding occurs during this step, use the sterile eye spears to apply gentle
pressure to the area until the bleeding stops.

b. Slightly lifting the muscle tissue with one forceps, and teasing away the muscle
tissue with the other forceps may minimize the potential damage to the spinal
cord. It is absolutely critical that you do not damage the spinal cord during this
step.
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c. Spinal cord underneath the muscle tissue will be clearly visible when blunt
dissection is done properly.

13. Once spinal cord is exposed, dura must be removed before the injection procedure.
Gently scrape the dura with sterile 30 gauge needle to create an opening. Once dura is
opened you will notice cerebrospinal fluid (CSF) leaks out and spinal cord bulges out
slightly. Alternatively, you may use the Dumont #5 fine forceps to scrape the dura
repeatedly. Great care must be taken not to damage the spinal cord.

14. Transfer the animal to the isofluorane adapter on the stereotaxic frame. Depending on
the frame, you will need to lift the mice up to proper height (we use a Styrofoam block
layered with absorbent pad to lift up the mice).

15. Clamp the vertebral column with “V” notch spikes. Other spinal adaptor kits and
vertebrae clamp compatible with stereotaxic frame may be used. Vertebrae clamp
(Kopf) may provide the best stability during the injection; however, this cannot be used
for younger mice.

16. Using the surgical microscope, ensure exposed spinal cord and dorsal blood vessel is
clearly visible. If bleeding occurs, it is critical to stop the bleeding with eye spear before
proceeding with intraspinal injection. Bleeding during the injection will cause clog.

2.5 Intraspinal Injection

1. Spin down the virus solution with mini microcentrifuge.

2. Dispense viral solution to parafilm. For single AAV solution, dispense 1.2 pL (for 1
uL injection), and for two AAV solutions dispense 0.6 pL of each virus solution and
mix thoroughly by pipetting the droplet up and down.

3. Under the surgical microscope, lower the microinjection needle to the droplet and draw
up the virus solution gradually with stereotaxic injector. Once enough virus solution is
drawn up, apply small positive pressure with the stereotaxic injector to ensure virus
solution flows out.

4. Align the microinjection needle to the dorsal blood vessel of the exposed spinal cord
segment. Reset the x-axis of stereotaxic coordinates.

5. From the dorsal blood vessel adjust the x coordinate 300 to 350 um away from the
dorsal blood vessel.

a. For targeting L4 segment, target the most caudal spinal cord segment between
T12 and T13 intervertebral space or most rostral segment between T13 and L1
intervertebral space.

b. Align the needle to an area where the dura is open (Critical).

6. Slowly lower the microinjection needle to touch the spinal cord. Small dimple will form
when you have touched the spinal cord (See Note 1).

7. Reset the z-axis of the stereotaxic coordinates. Then, slowly lower the z-axis to
penetrate the spinal cord. Depending on the age and location of the injection, you may
need to lower the needle as deep as 500 um to break through (If severe deformation of
spinal cord occurs, get a new microinjection needle and trim. Then repeat steps 2 to 7).
Once needle is inside the spinal cord, slowly retract the needle back up to 250 um to
target the spinal dorsal horn and wait at least 2-3 minutes at this position before starting
the injection to reach equilibrium (See Note 2).

8. Start the injector to dispense virus solution. Use the surgical microscope’s grid to
monitor the meniscus of the virus solution to monitor the flow.

131



10.
11.
12.
13.

14.

a. We are injecting relatively high volume (1 pL) of virus solution to ensure good
mediolateral and rostrocaudal spread. However, this may cause overflow of the
virus solution.

b. Occasionally, a pool of CSF may form immediately after needle breaks through
the spinal cord. Use the eye spears to carefully absorb any CSF overflow.

Once the injection is complete, wait at least 2-3 minutes before retracting the
microinjection needle.

a. You must ensure no mineral oil leaks out of the microinjection needle.

Slowly retract the microinjection needle out of the spinal cord. Clean the area with eye
spear (See Note 3).

Remove the “V” notch clamps and suture the /atissimus dorsi muscle with 6-0 nylon
sutures.

Suture the skin with 6-0 silk sutures.

Subcutaneously inject appropriate volume of 50/50 LRS with 5% dextrose and saline
solution. Maximum volume will depend on weight and age of the animal (we have been
giving 300-400 pL to p14-p30 mice).

Stop the isoflurane and allow the animal to fully recover on heating pad before returning
the animal to its cage.

2.6 Post-operative Care of Animals

Once animals have been returned to the cage, health of the animal must be monitored closely

over the next 48 hours. We always provide mushed pellets during this period, and we monitor

the weight, sutures, activity levels, gait, and signs of dehydration. Furthermore, post-operative

analgesic (5 mg/kg ketoprofen) is given by subcutaneous injection with 50/50 LRS and saline

mixture once a day over 48 hours.

3. Notes

1.

3.

This may be difficult to confirm if the spinal cord opening is filled with CSF or blood.
It is a good idea to remove as much CSF as possible with an eye spear before this step.
It is critical to monitor the tip of the needle for any blood. Occasionally you may hit
small blood vessels inside the spinal cord. This will clog the microinjection needle and
ruin the injection. If you see any blood in the microinjection needle, immediately apply
small positive pressure to push it out.

Wait period and slow retraction minimizes backflow of injected virus solution.
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II. Chemogenetics to assess the behavioral role of dorsal horn neurons.

1. Materials:

PSEM?* (Tocris Cat. No. 6426)

0.9% sterile NaCl

Von Frey/Semmes-Weinstein Monofilaments
IITC Mesh Stand and Animal Enclosures for mice (Part #410 and #435)
Cotton buds

Plantar Analgesia Meter (IITC)

CaviCide® disinfectant

Paper towels

Acetone

Stopwatch

1 mL syringes

2. Methods

2.1 Acclimation Prior to Behavior

It is important to habituate the mice in their animal enclosures prior to beginning behavioral

testing. The measurements obtained will be more reliable when the mice are not stressed from

being away from their home cages and in a new environment. It is best to acclimate the mice a

day before von Frey or cotton swab tests. The Hargreaves assay requires more time for

acclimation, so it is recommended to acclimate the mice at least 2-3 times to the Hargreaves

apparatus before the day of experimentation.

Acclimation Period for Cotton Swab and von Frey

1.

Choose a quiet room for your behavioral testing so that the mice do not get agitated by
other people or noise.

Spray the animal enclosures and mesh stand with disinfectant.

Place the animal enclosures on the mesh stand and keep paper towels below the wire
mesh to prevent mice droppings from making a mess.

Remove the mice from their home cages and place each of them in their own
compartment in the Plexiglass chambers (animal enclosures).

Let them remain in their animal enclosures for an hour. It is ideal to remain in the room
for half or more of that time so that the mice get acclimated to your scent as well.
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6.

7.

After an hour, remove the mice from the Plexiglass chamber and return them to their
home cages.
Spray down the animal enclosures and mesh stand with disinfectant.

Acclimation Period for Hargreaves

1.

Choose a quiet room for your behavioral testing so that the mice do not get agitated by
other people or noise.

Spray the temperature-regulated glass panel and Plexiglass chambers with disinfectant.
Wipe it down.

Place the animal enclosures on the glass panel.

Make sure the glass panel is set at 30°C.

Remove mice from their home cage and set them each in a compartment in the
Plexiglass chamber.

Allow them to explore their compartments for an hour.

Return the mice to their home cages.

Spray the glass panel and Plexiglass chambers with disinfectant and wipe down.

2.2 Control Experiments for Off-target Behavioral Effects of the Ligand

Prior to testing the mice intraspinally injected with the PSAM-GlyR virus, it is critical to rule

out any effects the ligand PSEM®* has on somatosensation. To determine this, we

intraperitoneally inject mice that have no virus with PSEM® and test behavior. We measure

cotton swab before von Frey because the former assay requires the mice not be at all agitated.

After von Frey, mice are sometimes agitated (See Note ') is also important to avoid taking

behavioral measurements when the mice are grooming as this results in false negative

responses.

2.2.1 Cotton Swab and von Frey Assay:

1.
2.

3.

Weigh the mice to be tested and note down their measurements.

Before behavioral testing, habituate the mice in their Plexiglass chambers for thirty
minutes. Make sure the surfaces of the wire mesh and Plexiglass chambers are clean.
Prepare PSEM®* (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing. Keep
on ice. Control animals will receive 0.9% saline alone.

Measure the dynamic response using the cotton swab test. Puff out the cotton bud until
it is three times its original size. The cotton swab is gently brushed against the plantar
hind paw in the heel-to-toe direction. This is done six times for each paw, leaving three
minutes between each stimulation. A response is when the mice withdraw their paw,
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9.

flick their paw or start licking the paw. The percentage of times the mice respond to the
cotton swab can then be calculated for both the left and right hind paws separately.
Next, the mechanical threshold of the mice is determined using the von Frey assay by
the Up-Down (Chaplan) or simplified Up-Down (SUDO) method, starting with the 0.4
filament (Bonin et al., 2014; Chaplan et al., 1994). Each filament is applied to the
plantar hind paw until the filament starts to bend and held in place for 3 s or until a
sharp response is observed. A response includes paw withdrawal, shaking or licking.
An interval of 5 minutes is given between each stimulation.

Mice are then injected (30-50 mg/kg, i.p) with PSEM®* or saline. The tester should be
blind to the treatments.

The mice are placed back in the Plexiglass chambers in the same compartment as they
were in before.

Twenty minutes after drug/saline treatment, the dynamic response is measured again
with the cotton swab.

After the cotton swab test, we measure the von Frey threshold in the mice.

10. After testing, return the mice back to their home cages.
11. Clean the Plexiglass chambers, wire mesh and surrounding area.

2.2.2. Hargreaves Thermal Assay (Hargreaves et al., 1988):

It is recommended that the thermal assay be conducted on a different day (See Note 2).

1.

9.

Acclimate the mice in their Plexiglass chambers for 30 minutes. Make sure the surfaces
of the glass panel and Plexiglass chambers are clean. The temperature-regulated glass
panel should be set at 30°C.

During the acclimation time, you can prepare the PSEM®”* (30-50 mg/kg) in 0.9%
sterile saline. Control animals will receive 0.9% saline alone.

The Plantar Analgesia Meter is set at 20% intensity with a cut off time of 20 s.

Keep paper towels nearby and wipe off any droppings on the glass panel. Liquid on the
glass panel can reduce the temperature of the glass panel, hindering accurate
measurement.

Focus the heat source on the plantar hind paw. As soon as the paw is withdrawn, shut
off the heat source. The latency to thermal response is noted. If the mice don’t withdraw
their paw even after 20 s, the heat source will automatically turn off.

Take three measurements per paw with an interval of 5 minutes between each
stimulation. The measurements can then be averaged for each paw.

Mice are then injected (30-50 mg/kg, i.p) with PSEM3% or saline. The tester should be
blind to the treatments.

Twenty minutes after drug/saline treatment, the paw withdrawal latency is measured as
before. Three measurements are taken for each paw with an interval of 5 minutes
between each stimulation. Make sure to wipe any droppings on the glass panel before
testing.

Return the mice to their home cage after testing.

10. Spray the Plexiglass chambers and glass panel with disinfectant.

135



2.3. Baseline Measurements:

To test the functional role of spinal cord dorsal horn neurons in pain transmission, transgenic

Cre-driver lines are utilized. This allows for acute inhibition of specific excitatory neuron

populations expressing the PSAM-GlyR virus by delivering the PSEM3*S ligand (i.p.). In mice

injected with the PSAM-GIyR virus, the baseline somatosensory responses are measured two

weeks after the intraspinal injection. After ligand administration, we measure their mechanical

threshold with von Frey, dynamic response using the cotton swab test, heat sensitivity with the

Hargreaves assay and acetone evaporation test to measure sensitivity to cold. You may choose

to include other behavioral pain assays such as the pinprick test for noxious pain detection.

2.3.1. Cotton Swab and von Frey Assay:

6.
7.

Two weeks after intraspinal injection of the PSAM-GIyR virus, acclimate the mice in
the Plexiglass chambers a day before testing as instructed above.

On the day of testing, acclimate the mice in the Plexiglass chambers for 30 minutes.
Prepare PSEM?®* (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing. Keep
on ice. Control animals will receive 0.9% saline alone.

Measure the dynamic response and paw withdrawal threshold with the cotton swab and
von Frey assays respectively.

Inject (i.p.) mice with PSEM®* or sterile saline. The tester should be blind to the
treatments.

Twenty minutes after injection, perform the cotton swab and von Frey assay.

Return the mice to their home cages and clean up the surfaces with disinfectant.

2.3.2. Hargreaves Thermal Assay:

Interweave the days on which you measure the static and dynamic thresholds with latency to

thermal response.

Two weeks after intraspinal injection of the PSAM-GIyR virus, acclimate the mice as
instructed above.

On the day of testing, acclimate the mice in the Plexiglass chambers for at least 30
minutes. Make sure the glass panel is at 30°C.

Prepare PSEM®* (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing. Keep
on ice. Control animals will receive 0.9% saline alone.
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6.
7.

Measure the paw withdrawal latency to heat. Wipe any droppings from the mice found
on the glass floor with paper towels.

Inject (i.p.) mice with PSEM®* or sterile saline. The tester should be blind to the
treatments.

Twenty minutes after injection, perform the Hargreaves assay again.

Return the mice to their home cages and clean up the surfaces with disinfectant.

2.3.3. Acetone Evaporation Test:

Here, we measure the time taken by the mouse in responding (which includes quick paw

withdrawal, flicking or licking of the paw) to acetone application(Golden et al., 2010).

1.

The von Frey threshold setup with the plexiglass chambers on the wire mesh can be
used for the acetone evaporation test.

On the day of testing, acclimate the mice injected with PSAM-GIyR in the Plexiglass
chambers for at least 30 minutes.

Prepare PSEM® (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing. Keep
on ice. Control animals will receive 0.9% saline alone.

Once the mice are acclimated, draw up acetone into a 1 mL syringe. Form uniform
drops of acetone and apply one drop of acetone to the plantar surface of the mouse hind
paw (See Note 3).

5. The amount of time spent in flicking or licking the paw after the acetone application is
measured using a stopwatch up to 30 seconds.

6. Perform three trials on each hind paw, with an interval of five minutes between each
trial.

7. Inject (i.p.) mice with PSEM® or sterile saline. The tester should be blind to the
treatments.

8. Twenty minutes after injection, perform the acetone test again.

9. Return the mice to their home cages and clean up the surfaces with disinfectant.

3. Notes
1. The cotton swab assay requires the mice to not be at all agitated. After von Frey, mice

are sometimes agitated and become sensitized to the mechanical stimulation. It is
recommended therefore to start with the least stressful assay before proceeding with the
more stressful assay.

Conducting too many behavioral pain assays on the same day can stress out the mice,
resulting in variable results.

One limitation of the acetone evaporation assay is the difficulty in creating consistent
droplets of acetone. We insert a sharply cut piece of a P20 pipette tip on to the 1 mL
syringe in order to draw up approximately 10 ul of acetone for each application.
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III. Persistent Pain Models

1. Materials:

Spared Nerve Injury Neuropathic Pain Model:

2% Isofluorane
Electric shaver
Silk, non-absorbable suture, 6-0
Nylon suture, 8-0
Forceps

Fine scissors
Dissection scissors
Spring scissors
Blue drapes

Eye ointment
Betadine

Complete Freund’s Adjuvant Inflammatory Pain Model:

2% Isofluorane

Complete Freund’s adjuvant (1 mg/ml heat killed and dried mycobacterium tuberculosis)
0.9% sterile NaCl

70% Ethanol

3cc glass syringe

23-G, % inch needle

Blue drapes

2. Methods:

Spared Nerve Injury Neuropathic Pain Model:

1.

After carrying out baseline measurements in the mice injected with PSAM-GIyR virus,
perform SNI surgery ipsilateral to the side of injection. Here, we spare the sural nerve
and cut and ligate the tibial and common peroneal nerves.

One week after the SNI surgery, acclimate the mice for 30 minutes in the Plexiglass
chambers.

Measure the dynamic and static mechanical thresholds using the cotton swab and von
Frey assays respectively by applying the stimulations to lateral region of the injured
hind paw.

Return the mice to their home cages and clean up the surrounding area and equipment.
The next day, acclimate the mice in the Plexiglass chambers for 30 minutes.

Prepare PSEM®% (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing.
Control animals will receive 0.9% saline alone.

Inject (i.p.) mice with PSEM®* or sterile saline. The tester should be blind to the
treatments.
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10.

11.

12.

13.

Twenty minutes after injection, measure the dynamic and static mechanical thresholds
as before.

To measure cold allodynia, perform the acetone evaporation assay on the injured mice,
preferably on a separate day from the cotton swab and von Frey assays. Acclimate the
mice for 30 minutes in the Plexiglass chambers.

Prepare PSEM3* (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing.
Control animals will receive 0.9% saline alone.

Measure the time spent in responding to the acetone application with a stopwatch.
Again, disregard the initial 10 s where the mice show reaction to the acetone.

Inject (i.p.) mice with PSEM®* or sterile saline. The tester should be blind to the
treatments.

Twenty minutes after injection, perform the acetone assay again and measure the time
response.

Complete Freund’s Adjuvant Inflammatory Pain Model:

1.

After baseline measurements carried out as stated above, prepare an equal parts emulsion
of Complete Freund’s adjuvant and 0.9% sterile saline. This should be prepared fresh
prior to injection into the footpad. Draw the solution into the glass syringe with a 23-G,
% 1n needle attached and mix by drawing the solution up and down.

Inject 20 pl of CFA in the glabrous skin of the hind paw ipsilateral to the side of
injection.

24 hours later, check the ipsilateral paws for signs of inflammation. If there is no
inflammation, inject an extra 5 ul.

Five days after CFA injection, acclimate the mice in the Plexiglass chambers for 30 min.
Prepare PSEM®* (30-50 mg/kg) in 0.9% sterile saline 15 minutes before testing. Control
animals will receive 0.9% saline alone.

After the acclimation period, measure the dynamic and static mechanical thresholds or
heat latency as instructed before.

Inject (i.p.) mice with PSEM®® or sterile saline. The tester should be blind to the
treatments.

Twenty minutes after injection, measure the dynamic and static mechanical thresholds
or heat latency as before.

IV Validation of Viral Injection with Immunohistochemistry

1. Materials:

4% paraformaldehyde (Prepare fresh)

30% sucrose in 1X PBS

a-bungarotoxin, Alexa Fluor™ 647 conjuagate (Catalog number B35450, Thermofisher)
O.C.T Compound (Tissue-Tek)

1 x PBS

1% Triton in 1X PBS

1.5 ml microcentrifuge tubes

Tube Revolver/Rotator (Thermo Scientific)
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Fluoromount-G® (SouthernBiotech)
Coverslips
Superfrost Plus Microscope Slides (Fisherbrand)

2. Methods:

SNk W=

10.
1.
12.
13.
14.

15.

Perfuse the mice with 1X PBS, followed by cold 4% paraformaldehyde.

Dissect out the spinal cords, taking care not to damage the lumbar region.

Place the spinal cords in 4% PFA for 2 hours at 4°C.

Transfer the cords to 30% sucrose in 1X PBS and leave at 4°C for 1-2 days.

Embed the lumbar spinal cord in OCT and freeze down in the -80°C.

When you are ready to section the tissue, transfer the embedded tissue to the cryostat.
Let it sit at -20°C for 30-45 minutes.

Section the tissue using the cryostat at 30 um into wells containing 1X PBS. You can
later transfer the tissues into 1.5 ml microcentrifuge tubes for staining.

Wash the sections with 1X PBS again.

Prepare a staining solution of 1% Triton, 2% NDS (optional) and a-bungarotoxin, Alexa
Fluor™ 647 (1:1000).

Remove the 1X PBS and add the staining solution to the tissues.

Rotate using the Tube Rotator in the dark for 2 hours at room temperature.

Remove the staining solution and wash with 1X PBS.

Rotate for 2 minutes and then repeat the wash with fresh 1X PBS.

Mount the sections on to Superfrost Slides and cover with one or two drops of mounting
medium (e.g., Fluoromount-G®).

Coverslip and view under the microscope to confirm viral expression in the dorsal horn.
Mice with no a-bungarotoxin staining should be excluded from the behavioral analysis.

Figure 20. Intraspinal Setup Example

In this image, (Left) the small animal stereotaxic instrument with digital display console, heat pad, isofluorane

anesthesia unit and stereotaxic injector can be seen. In the image on the right, glass capillary for injection as well

as the spinal clamp area can be seen.
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