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Abstract
Chronic pain is a major public health issue, affecting over 100 million people in
costing over $600 million annually in the United States. The lack of effective therapies
for chronic pain have directly contributed to the ongoing epidemic of opioid abuse and
addiction. Deeper understanding the pathogenesis of chronic pain is a prerequisite for
remedying the status quo. To that end, in this dissertation, I have undertaken two
projects that aim to elucidate the key cellular elements of mechanical pain in the
periphery and spinal cord.
Mechanical allodynia is a cardinal feature of pathological pain in which
innocuous mechanical stimulation such as light touch produces a painful sensation.
Recent work has demonstrated the necessity of cutaneous A𝛽 low-threshold
mechanoreceptors (A𝛽-LTMRs) for mechanical allodynia-like behaviors in mice, but its
remains unclear whether activation of these neurons alone is sufficient to produce pain
behaviors in pathological settings. To address this question, in the first part of this
dissertation, I generated and characterized a transgenic mouse line that expresses the
optogenetic actuator channelrhodopsin-2 (ChR2) conditionally in Vesicular Glutamate
Transporter 1 (Vglut1)-expressing sensory neurons(Vglut1-ChR2). I show that the
Vglut1-ChR2 comprises a heterogeneous population of Neurofilament 200-positive,
large-sized sensory neurons with cutaneous projections that terminate in Merkel CellNeurite Complexes, Meissner Corpuscles and Hair Follicles and with spinal projections
that terminate in the deep dorsal horn (Lamina IIi-V) and ventral horn in the spinal cord.
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In naive Vglut1-ChR2 mice, acute transdermal photostimulation of the plantar hindpaw
with blue (470nm) light produced paw withdrawal behaviors in an intensity- and
frequency-dependent manner that were abolished by selective pharmacological A-fiber
blockade. light-evoked nocifensive behaviors such as licking, biting, jumping and
vocalization were virtually absent in Vglut1-ChR2, even at the highest stimulation
intensity and frequency. Plantar photostimulation of Vglut1-ChR2 mice in a Real-Time
Place-Escape/Avoidance (RT-PEA) assay did not produce aversion, in contrast to the
strong aversion elicited in mice that conditionally express ChR2 in Nav1.8-positive and
Npy2r-positive nociceptors. Surprisingly, in the Spared Nerve Injury model of
neuropathic pain, Vglut1-ChR2 mice did not show significant differences in light-evoked
withdrawal behaviors or real-time aversion despite hypersensitivity to natural
mechanical stimuli. Thus, I conclude that optogenetic activation of Vglut1-ChR2 neurons
alone is not sufficient to produce pain-like behaviors in neuropathic mice.
In the second part of this dissertation, I investigated the cellular determinants of
mechanical pain processing in the spinal dorsal horn (SDH), which is comprised of
distinct neuronal populations that process different somatosensory modalities.
Somatostatin (SST)-expressing interneurons in the SDH have been implicated
specifically in mediating mechanical pain. Identifying the transcriptomic profile of SST
neurons could elucidate the unique genetic features of this population and enable
selective analgesic targeting. To that end, I combined the Isolation of Nuclei Tagged in
Specific Cell Types (INTACT) method and Fluorescence Activated Nuclei Sorting
v

(FANS) to capture tagged SST nuclei in the SDH of adult male mice. Using RNAsequencing (RNA-seq), I uncovered more than 13,000 genes. Differential gene expression
analysis revealed more than 900 genes with at least 2-fold enrichment. In addition to
many known dorsal horn genes, I identified and validated several novel transcripts from
pharmacologically tractable functional classes: Carbonic Anhydrase 12 (Car12),
Phosphodiesterase 11A (Pde11a), and Protease-Activated Receptor 3 (F2rl2). In situ
hybridization of these novel genes showed differential expression patterns in the SDH,
demonstrating the presence of transcriptionally distinct subpopulations within the SST
population. Overall, my findings provide new insights into the gene repertoire of SST
dorsal horn neurons and reveal several novel targets for pharmacological modulation of
this pain-mediating population and pathological pain.
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1 Introduction
Pain is a universal experience that is necessary for survival, but can also become
pathological if it persists beyond the window of its protective function. Indeed, chronic
pain, which is defined as pain that lasts for more than 3 months from onset, is a major
public health issue, the impact of which has been magnified by an equally vexing
derivative issue, opioid addiction and abuse (Pizzo and Clark, 2012). Both the treatment
and prevention of chronic pain will require a deeper understanding of its causes and
mechanisms, which is the principal motivation for the work described in this
dissertation.

1.1 Pathological Pain
Nociceptive (physiological) pain that arises from acute noxious stimuli is
necessary for the survival and homeostasis of organisms. However, pain that outlasts
the stimulus or injurious insult does not appear to serve any benefit to an organism.
Rather, prolonged, chronic pain is pathological and maladaptive (Gold and Gebhart,
2010).
Many decades of research have sought to uncover the mechanisms of chronic,
pathological pain. Pathological pain can arise from several etiologies. Injuries to the
somatosensory nervous system, such as arises from amputation, surgery or trauma, can
produce neuropathic pain(Costigan et al., 2009b). Inflammatory processes, such as
autoimmune disease (e.g. rheumatoid arthritis) or tissue injury, can lead to chronic
1

inflammatory pain(Costigan et al., 2009b). Many of the most common and clinically
challenging forms of chronic pain occur in the absence of an identifiable source of
inflammation or damage to the somatosensory nervous system, although there is clearly
some dysfunction that is causing pain. Accordingly, this category is called
dysfunctional pain. Diseases that fit in this category include lower back pain (LBP),
fibromyalgia, irritable bowel syndrome and interstitial cystitis(Costigan et al., 2009b).
Despite the diversity of causes, chronic pain syndromes manifest similar
symptoms clinically. Common symptoms include:
•

Allodynia, which is pain due to a stimulus that does not normally provoke
pain(IASP). Examples: include pain from the dynamic brush of clothing against the
skin or warm bath water feeling hot and painful.

•

Hyperalgesia: Increased pain from a stimulus that normally provokes pain.

•

Spontaneous pain: Pain without an identifiable external stimulus(Mogil, 2012).

1.2 Neuroanatomy of Pain
A major challenge of both studying and treating pain is that it involves tissues
and cells distributed across the whole body, from body surface to brain. In my
dissertation, I focused my work on primary sensory neurons and the spinal cord.
Accordingly, I review these regions in the following discussion, with only a brief
discussion of the brain.

2

1.2.1 Primary Sensory Neurons
Somatosensation, which includes the sensation of pain as well as touch, warm,
cold, itch, and position (proprioception), is underpinned by specialized receptors in the
periphery called primary sensory neurons (PSNs). Primary sensory neurons are pseudounipolar neurons that have a peripheral afferent branch that innervates a target region
of the body, and a central afferent branch that sends information from the periphery to
the dorsal horn of the spinal cord. The cell bodies of PSNs reside in the sensory ganglia,
which include the dorsal root ganglia (body) and trigeminal ganglia (face and head).
PSNs are categorized based on several features, including their conduction velocities,
preferred stimulus, myelination, specialized target endings, function, or molecular
marker (McMahon et al., 2013). A nociceptor is a type of PSN that is “preferentially
sensitive to a noxious stimulus or to a stimulus that would become noxious if prolonged
and is capable of encoding stimulus intensities within the noxious range” (Dubin and
Patapoutian, 2010). Nociceptors consist of two major classes, C-nociceptors and Aδ
nociceptors. Aδ-nociceptors are thinly myelinated PSNs that mediate acute, “fast” pain.
C-nociceptors, also known as C-fibers, are unmyelinated and thus have slower
conduction velocities than Aδ-nociceptors (0.5 m/s vs. >10 m/s) (Dubin and Patapoutian,
2010). Accordingly, C-nociceptors are responsible for the dull, aching, “second” pain
that follows the initial painful sensation arising from a noxious insult. Nociceptors
innervate the skin, joints, muscle, and viscera. In their target tissues, nociceptors have
‘free’ nerve endings, denoting their lack of any specialized end-organ.
3

Within these two broad classes, there are additional, well-characterized subtypes.
Based on molecular features, C-nociceptors can be classified as peptidergic or nonpeptidergic. Peptidergic C-nociceptors are named for their expression of pain-related
neuropepetides such as Substance P (SP) and Calcitonin Gene-Related Peptide (CGRP).
Non-peptidergic C-nociceptors are defined by their lack of expression of neuropeptides
but also the expression of the neurotrophin receptor c-RET and their ability to bind
isolectin-B4 (IB4). Aδ-nociceptors are distinguished by the expression of Neurofilament
200 (NF200), reflecting their myelination status and the expression of TrkA, which is the
receptor for the neurotrophin Nerve Growth Factor and is expressed by all
nociceptors(Basbaum et al., 2009). The molecular heterogeneity of nociceptors reflects
their functional heterogeneity. Some Aδ-nociceptors respond to noxious mechanical and
heat stimuli, while others only respond to heat. Most C-nociceptors are polymodal,
meaning that they respond to the multitude of noxious stimuli, but some C-nociceptors
only respond to either noxious mechanical or heat stimuli. And some, so-called “silent”
C-nociceptors, are non-responsive under normal conditions, but will become responsive
to mechanical and heat stimuli when sensitized by inflammatory mediators and other
algogens(Dubin and Patapoutian, 2010).
Non-noxious tactile (mechanical) stimuli are detected by Low Threshold
Mechanoreceptors (LTMRs). As with nociceptors, there are multiple classes of LTMR.
Cutaneous LTMR subtypes are classified as either Aβ, Aδ or C based on their
conduction velocities (> 20 m/s). Aβ-LTMRs have thickly myelinated, large diameter
4

axons, large diameter cell bodies, and the fastest conduction velocities. Aβ-LTMRs can
be further subdivided into rapidly-adapting (RA) and slowly-adapting (SA) based on
their rates of adaptation in response to mechanical stimuli(Abraira and Ginty, 2013;
Zimmerman et al., 2014). Aβ-LTMRs terminate in characteristic, specialized endings in
accordance with the type of mechanical stimuli their encode. Aβ RA-LTMRs terminate
in the dermal papillae of glabrous (hairless) skin as Meissner Corpuscles or as
longitudinal lanceolate endings around hair follicles in hairy skin. In the deep dermis of
glabrous skin, Type II Aβ RA-LTMRs terminate in Pacinian Corpuscles. By virtue of
their rapid adaptation, these Aβ-LTMRs are tuned optimally for dynamic movements
such as the stretching of skin or the deflection of hair follicles. In contrast, slowlyadapting Aβ-LTMRs are tuned to detect sustained mechanical forces, such as skin
indentation or stretch. Aβ SA-LTMRs are also classified into two types. Type I (SAI) 𝐴𝛽LTMRs terminate on a specialized sensory epithelial cell called Merkel Cells in both the
glabrous and hairy skin. Together, the Merkel Cell-Aβ unit detect indentation. Type II
(SAII) Aβ-LTMRs innervate Ruffini endings in the glabrous skin and preferentially
respond to stretch (Abraira and Ginty, 2013). Aδ-LTMRs and C-LTMRs innervate hairy
skin only and form longitudinal lanceolate endings around hair follicles and detect hair
deflection. An additional class of LTMR is the Aα-LTMR, also known as proprioceptors.
Proprioceptors are myelinated, large diameter PSNs that innervate muscle and joints,
terminating in muscle spindles and Golgi tendon organs. Proprioceptors function to
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convey information about the posture and movement of the body(Hippenmeyer et al.,
2005).
Like nociceptors, LTMRs also have been defined by their molecular features. Aβ
RA-LTMRs are defined by the early expression of c-Ret (E12.5), while Aβ SA-LTMRs
express TrkC. C-LTMRs express Tyrosine Hydroxylase (TH) and also the Vesicular
Glutamate Transporter 3 (VGLUT3/Slc17a8) (Seal et al., 2009). Aδ-LTMRs express TrkB,
the receptor for the neurotrophin BDNF(Li et al., 2011). Proprioceptors express the
calcium-binding protein parvalbumin (PV) (Hippenmeyer et al., 2005). Although useful
for identifying Aβ-LTMRs, none of these markers are exclusive to these classes in adult
animals, with the exception of TH. By virtue of their myelination, all of the A-LTMRs
express NF200. And it has also been shown that Aβ and Aα-LTMRs express the
Vesicular Glutamate Transporter 1 (VGLUT1/Slc17a7), in contrast to most nociceptors,
which express predominantly VGLUT2, and C-LTMRs, which express VGLUT3.

1.2.2 Spinal Cord
The first synaptic relay for somatosensory information occurs in the spinal dorsal
horn (SDH). Primary sensory neurons (PSNs) transmit information about peripheral
stimuli to post-synaptic neurons in the SDH. The majority of neurons in the SDH are
interneurons (INs), which receive and process sensory inputs before relaying the output
to long-range projection neurons (PNs) (Todd, 2010). The projection neurons then
transmit the sensory information to higher center in the brain. The SDH has a distinct
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laminar structure (Laminae of Rexed). Pain-transmitting PNs reside predominantly in
the outermost lamina I, while most INs reside in laminae II-V. The central afferents of
PSNs terminate in the dorsal horn in a manner that is determined by their sensory
modality and their peripheral innervation target. Nociceptive afferent fibers from C- and
Aδ-nociceptors terminate predominantly in the superficial laminae, lamina I to lamina II
outer (IIo) (Todd, 2010). Non-nociceptive afferent fibers from Aβ-, Aδ- and C-LTMRs
that carry information about non-noxious stimulation, such as touch, warm, cool, and
hair movement, terminate in the low-threshold mechanoreceptor recipient zone (LTMRRZ), which spans from the inner and ventral part of lamina II (IIiv) to lamina V (Abraira
et al., 2017).
In recent years, enabling tools such as Cre-driver mice and optogenetics have
allowed pain researchers to learn a great deal about the local circuitry of the dorsal horn.
Using genetic tools, several interneuron populations have been delineated and their
functions elucidated. Interneuron populations can be classified first either as excitatory
or inhibitory. Excitatory interneurons use glutamate as their primary neurotransmitter,
while inhibitory neurons use GABA and sometimes glycine and their primary
neurotransmitters. The distinct excitatory and inhibitory interneuron populations of the
dorsal horn have been frequently classified based on the expression of neuropeptides,
surface receptors, neurotransmitter, ion channels or enzymes(Boyle et al., 2017;
Gutierrez-Mecinas et al., 2018). Major known excitatory populations involved in pain
include those defined by the expression of Somatostatin (Sst), Tachykinin 2 (Tac2),
7

Calbindin 2 (Calb2), Gastrin related peptide receptor (Grpr), Neurotensin (Nts),
Cerebellin 2 (Cbln2), Cholecystekinin (Cck), Gastrin Related Peptide (GRP), 𝐾$ channelinteracting protein 2 (Kcnip2), and Protein Kinase C 𝛾 and the Insulin-like growth factor
binding protein 5 (Igfbp5). The major inhibitory populations of interneuron in the dorsal
horn are defined by the expression of Neuropeptide Y (Npy), Galanin (Gal),
Prodynorphin (Pdyn), Parvalbumin (Pvalb), Somatostatin Receptor 2 (Sst2r), Calb2,
Kcnip2, and RAR-related Orphan Receptor B (RORβ) (Abraira et al., 2017; Häring et al.,
2018; Koch et al., 2016; Petitjean et al., 2015; Sathyamurthy et al., 2018).
In addition to defining the neurochemistry of dorsal horn interneurons, some
recent studies have specifically manipulated defined spinal IN populations to determine
their functional contributions. Such studies have employed either toxin-mediated
ablation, optogenetics or chemogenetics combined with behavioral and
electrophysiological readouts.
One of the first such studies examined the contribution of Sst-expressing dorsal
horn interneurons (SST) to normal and pathological pain sensation. Using an
intersectional genetic approach, Duan et al. (Duan et al., 2017; 2014) ablated SST neurons
in the dorsal horn, which resulted in nearly complete loss of sensation to noxious
mechanical stimuli but not other stimuli such as light touch, heat or cold. Moreover, in
models of neuropathic and inflammatory pain, ablation of SST neurons also abolished
the marked mechanical hypersensitivity that typically occurs in these models. In the
same study, Duan et al. also carried out the same targeted ablation on Pdyn+ inhibitory
8

interneurons and showed that this population exerts inhibitory gating on SST-mediated
excitatory transmission. Taken together, this seminal study demonstrated that distinct
populations of spinal interneuron mediate specific somatosensory modalities (“labeled
line”), and highlighted the SST population as a key contributor to mechanical pain. Since
the study by Duan et al., several other similar studies have followed that have implicated
other interneuron populations in mechanical pain as well. Petitjean et al. demonstrated
that Pvalb+ inhibitory neurons contribute to nerve injury-induced mechanical allodynia
by gating innocuous mechanical inputs from accessing nociceptive circuits in the
superficial laminae(Petitjean et al., 2015). A study by Peirs et al. showed that another
population of excitatory interneuron defined by Calb2 expression also produces
mechanical hypersensitivity when activated chemogenetically, and leaves other sensory
modalities undisturbed(Peirs et al., 2015). These studies demonstrate that the spinal
circuits for mechanical pain are complex and possess multiple, overlapping modules
that converge on similar behavioral outputs.
One very likely reason for the convergence of behavioral phenotypes when
different populations are manipulated is that these interneuron populations are not
mutually exclusive, but rather they are overlapping to an extent. For example, Calb2+
interneurons are comprised of both excitatory and inhibitory subpopulations, as is Pvalb,
Sst and Kcnip2(Abraira et al., 2017). And it is known that the Sst+ neuron population
encompasses Tac2+, Grp+ and Nts+ subclasses(Gutierrez-Mecinas et al., 2017). Indeed, for
nearly every genetically-defined class of spinal neuron that has been studied, there is
9

known overlap with other functionally distinct classes(Häring et al., 2018). It is unlikely
that a single gene is adequate to define a single neuronal class. Ultimately, to fully under
spinal pain circuitry and to establish the roles of different cellular components in the
spinal cord, it is necessary to comprehensively identify the cell types that comprise the
dorsal horn.

1.2.3 Brain
The major output of the dorsal horn arises from Lamina I/V projection neurons.
These neurons ascend in the spinothalamic and spinoreticulothalamic tracts, carrying
their information to the thalamus and brainstem, respectively(McMahon et al., 2013).
Spinothalamic messages are believed to give rise to the sensory-discriminative aspects of
pain, while the spinoreticulothamic messages give rise to poorly localized pain. Another
major target of Lamina I/V PNs is the periaqueductal gray, which can activate
endogeneous opioid analgesia. Outputs from the thalamus and brainstem ultimately
ascend to diverse cortical targets, including the primary somatosensory cortex, anterior
cingulate cortex, amygdala, and insular cortex. Unlike other senses such as vision or
hearing, pain is not processed in any one region of the brain, but rather multiple
structures(Basbaum et al., 2009).

1.2.4 Peripheral and Spinal Mechanisms of Pathological Pain
The causes and mechanisms that give rise to chronic pain are many. Much
research has aimed at understanding when and why physiological pain becomes chronic
10

and pathological. Not surprisingly, given the complexity of the pain system, many
mechanisms have been uncovered.
1.2.4.1

Peripheral Mechanisms
Nociceptor sensitization is a major mechanism involved in chronic pain.

Sensitization here refers to an increase in the excitability of nociceptors. Sensitization is
characterized by a “decrease in threshold, an augmented response to suprathreshold
stimuli, and ongoing spontaneous activity.” (McMahon et al., 2013). Many insults can
lead to nociceptor sensitization. Tissue injury and inflammation induce the release of
myriad pro-nociceptive mediators such as prostaglandins, leukotrienes, and cytokines
that bind to their cognate receptors on nociceptors and alter their intrinsic
properties(Gold and Gebhart, 2010). Nociceptor sensitization is believed to be the
molecular correlate of hyperalgesia.
Spontaneous firing occurs in both nociceptors and non-nociceptor PSNs in the
setting of injury or inflammation. For example, axotomy of peripheral nerves has been
shown to result in spontaneous firing of C-nociceptors and Aβ-LTMRs. This barrage of
spontaneous firing gives rise to painful dysthesias that are described as feeling like
shooting or burning(Costigan et al., 2009b; McMahon et al., 2013). Moreover, the
continued activity of nociceptors can induce maladaptive plasticity of central
components of the pain system (central sensitization, see below).
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Ectopic impulse generation is another mechanistic feature of many forms of
chronic pain, especially neuropathic pain. In this case, action potentials are generated at
atypical sites. Under normal conditions, action potential generation in sensory neurons
occurs at the peripheral terminal, generating a receptor potential. However, with nerve
injury, action potentials can be generated at the site of injury (neuroma), along the
length of the axon, or at the somata in the sensory ganglia, both in nociceptors and nonnociceptors (Costigan et al., 2009b). This ectopic activity can support central sensitization
and cause dysthesias in the absence of any observable external stimulus.
The persistence of chronic pain has led many to consider the mechanisms for
long term intrinsic changes to nociceptors. Transcriptome-wide alterations have been
shown to occur in sensory neurons in a wide range of contexts, including axotomy,
inflammation, and other conditions(Costigan et al., 2002; Dawes et al., 2014; LaCroixFralish et al., 2011; Perkins et al., 2014). In some cases, such as with axotomy, the
transcriptional changes are massive, affecting hundreds of genes, and lasting for weeks
or months beyond the inciting trauma. Wide-ranging protein-level changes have also
been observed, affecting key transducer molecules such as TRPV1 and Nav1.8.
1.2.4.2

Central Mechanisms
Central sensitization is a concept that has been used to explain many of the

features of chronic pain syndromes. It is defined as the following:
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“Central sensitization corresponds to an enhancement in the functional status of
neurons and circuits in nociceptive pathways throughout the neuraxis caused by
increases in membrane excitability, synaptic efficacy, or a reduced inhibition. The net
effect is that previously subthreshold synaptic inputs are recruited to generate an
increased or augmented action potential output, a state of facilitation, potentiation, or
amplification.” (Latremoliere and Woolf, 2009)
Central sensitization is believed to underlie many forms of chronic pain
pathology. Many specific molecular mechanisms have been attributed to central
sensitization, but the three most prominent mechanisms include (1) Glutamatergic
Receptor-Mediated Sensitization, (2) Disinhibition, and Glial-Neuronal Interactions (3)
(Basbaum et al., 2009; Ji et al., 2016).
Glutamate is the major neurotransmitter used to signal between primary sensory
neurons and post-synaptic neurons in the spinal dorsal horn. Under normal conditions,
this glutamatergic signaling involves AMPA and kainate receptors but not NMDA
receptors. However, in pathological conditions, the increased activity from nociceptors
is sufficient to activate quiescent NMDA receptors in post-synaptic neurons.
Consequently, the increased calcium influx through NMDA receptors enhances
excitatory neurotransmission through dorsal horn neurons, resulting in heightened
responses to noxious inputs, corresponding to hyperalgesia. In addition, the enhanced
NMDA-dependent excitability in dorsal horn neurons produces heterosynaptic
facilitation, enabling non-nociceptive neurons, such as Aβ-LTMRs to access spinal pain
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circuits. This mechanism is believed to partly underlie allodynia. (Basbaum et al., 2009;
Latremoliere and Woolf, 2009)
Another important central mechanism is disinhibition. The spinal dorsal horn
has a high density of GABAergic and glycinergic inhibitory neurons. Under normal
conditions, there is strong tonic inhibition of nociceptive signaling. Loss of this
inhibition produces hypersensitivity that mimics that seen in pathological conditions, as
demonstrated in behavioral and electrophysiological experiments using bicuculline and
strychnine (Cheng et al., 2017; Francois et al., 2017). Nerve injury and inflammation also
produce disinhibition through a variety of mechanisms, including decreased GABA
production, death of inhibitory neurons, and post-translational blunting of glycine
receptors (GlyR𝛼3), among others (Basbaum et al., 2009).
Non-neuronal cells have been increasingly appreciated to play key roles in
central sensitization. Nerve injury induces a robust responses in microglia and
astrocytes in the spinal cord(Ji et al., 2013). Microglia proliferate within days of nerve
injury and become activated, releasing myriad pro-inflammatory mediators such as
TNF-α, CXCL1 (fractalkine), IL-6 and IL-1β(Ji et al., 2013). These cytokines bind to their
receptors on resident spinal neurons and increase in their excitability. Microglia are also
known to release BDNF, which changes the chloride gradient in lamina I projection
neurons, causing them to be paradoxically activated by GABA(Coull et al., 2003).
Astrocytes become activated later in the time course following injury. They also release
cytokines and chemokines that enhance excitatory neurotransmission through dorsal
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horn neurons(Chen et al., 2014; Xie et al., 2017). Collectively, the complex interplay of
glia and neurons produces the net effect of amplifying pain signals at the level of the
spinal cord.

1.2.5 Animal Models of Pathological Pain
To understand the mechanisms of chronic, pathological pain, many preclinical
animal models have been generated. These models aim to recapitulate the causes and
symptomatology of human chronic pain(Mogil, 2009). To simulate neuropathic pain
induced by nerve injury, models of nerve injury are used. Common ones include the
chronic constriction injury (CCI) (Bennett and Xie, 1988), partial sciatic nerve ligation
(PSNL) (Seltzer et al., 1990), Spinal Nerve Ligation (SNL) (Kim and Chung, 1992) and
Spared Nerve Injury (SNI) (Decosterd and Woolf, 2000). Since most behavioral testing
occurs on the hind paw of a rodent, these injury models target the sciatic nerve or one of
the lumbar dorsal root ganglia that serve the hind paw (L3-L6). Within days of injury,
injured animals manifest sensory changes that mimic those of neuropathic pain,
hypersensitivity to mechanical and thermal stimuli, as well as signs of spontaneous pain
such as lifting, flinching and biting. Neuropathy also commonly arises from the use of
chemotherapeutic agents such as paclitaxel or vincristine. Similar to human patients,
rodents that are given doses of these agents will develop neuropathic features such as
allodynia to mechanical and cold stimuli(Xu et al., 2015).
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Inflammatory pain is modeled through the administration of substances that
induce robust inflammatory responses, including Complete Freund’s Adjuvant,
carrageenan, zymosan, or lipopolysaccharide (LPS) (Mogil, 2009). Following injection of
these substances into the hind paw, animals display cardinal signs of inflammation,
including swelling, redness and increased heat. Using nociceptive sensory assays,
inflamed animals display hypersensitivity to mechanical and thermal stimuli as well as
signs suggestive of spontaneous pain.

1.3 Tools to Elucidate the Peripheral and Spinal Cellular
Determinants of Pain
1.3.1 Manipulating Specific Populations of Sensory Neuron with
Optogenetics
To determine the specific causal roles of populations of neurons, it is necessary to
specifically activate or silence them. Optogenetics has emerged as a broadly enabling
technique that allows neuroscientists to control neural cells with unprecedented
specificity(Montgomery et al., 2016; Rajasethupathy et al., 2016). Optogenetic methods
involve the expression of microbial opsins in target cell populations, followed by the
delivery of light to activate the opsin(Deisseroth, 2015; Fenno et al., 2014). Depending on
the identity of the opsin, cells will either be activated or silenced. Channelrhodopsin-2
(ChR2) was the first and most widely used optogenetic activator(Boyden et al., 2005).
ChR2 is a non-specific, light-gated ion channel. Illumination with blue light causes the
opening of ChR2 on a cell’s surface, leading to depolarization that is usually sufficient to
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induce action potential firing. In this way, investigators can control neuronal activity
with high temporal (milliseconds) and spatial precision(Gradinaru et al., 2010). To
silence cells, optogenetic silences have also been developed, the two most prominent
being the archaerhodopsin ArchT and Halorhodopsin (eNphR3.0), former being a
proton pump and the latter a light-driven chloride pump. Activation of ArchT or
eNphR3 results in hyperpolarization of a cell, which reduces the likelihood of action
potential firing(Wiegert et al., 2017).
Cell type-specific expression of opsins are generally achieved using transgenic or
viral approaches. In the transgenic approach, an opsin is made to be expressed in a
manner dependent on Cre-recombinase expression, or by creating a knock-in line where
an opsin is expressed under the control of a specific promoter(Sternson et al., 2016). In
the viral approach, either a cell type specific promoter (e.g. GFAP or CaMKII) is used to
drive expression in a certain cell type, or, more frequently, the opsin is expressed in a
Cre-dependent manner and then combined with a Cre transgenic line.
In the rodent brain, light delivery is achieved through the use of optical fibers
that are implanted through a cannula to target the region of interest. Recently, wireless
light delivery systems that do not require tethering to a cable have been developed(Shin
et al., 2017). Other regions of the body are less amenable to fiber-optic delivery systems
and alternative delivery methods have been devised, including cuffs and small,
implantable wireless probes(Towne et al., 2013).
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In recent years, optogenetics has begun to be used to study pain. A landmark
study by Daou et al demonstrated for the first time that ChR2-expressing nociceptors
could be readily activated in awake behaving animals through transdermal delivery of
blue light onto the plantar hind paw, which is the most frequently tested area in pain
behavioral studies(Daou et al., 2013). To achieve expression in the majority of
nociceptors, a transgenic approach was used that used a nociceptor-selective Cre driver
line (Nav1.8-Cre) in combination with a Cre-dependent reporter line (Ai32) to achieve
broad expression of ChR2 in nociceptors(Daou et al., 2013). Illumination of the paw in
these Nav1.8-ChR2 resulted in clear pain-like (nocifensive) responses that could be
blocked by local anesthetic and morphine. This study demonstrated opened the door to
the study of any targetable PSN population via the transdermal route. Subsequently,
additional studies emerged that looked at other populations of PSN using transdermal
light delivery, including VGLUT3+ C-LTMRs(Draxler et al., 2014), Trpv1+
nociceptors(Beaudry et al., 2017), Npy2r+ Aδ-nociceptors(Arcourt et al., 2017), and
MrgD+ non-peptidergic C-nociceptors(Olson et al., 2017). Collectively, these studies
have allowed pain researchers to determine the specific contributions of these different
PSN populations to pain behaviors, providing many surprising insights(Beaudry et al.,
2017).
The majority of optogenetic studies of PSNs have focused on nociceptors.
However, as discussed above, there is evidence supporting the contribution of AβLTMRs to mechanical allodynia in the pathological context. Using an optogenetic
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approach to control Aβ-LTMRs to assess their contribution to pathological pain would
be a significant advance. The technical barrier to studying this question has been the lack
of readily accessible and specific Cre-driver lines for Aβ-LTMRs. Luo et al.
demonstrated that the Ret-CreERT2 mouse line could label Aβ RA-LTMRs if induced at
E12.5(Luo et al., 2009), and recently Arcourt et al. introduced a MafA-Cre line that
accesses Aβ RA-LTMRs and some Aβ SA-LTMRs(Arcourt et al., 2017). However, neither
of these lines are readily accessible.
An alternative approach to accessing Aβ-LTMRs would be to exploit the distinct
expression patterns of the three Vesicular Glutamate Transporters (VGLUT1-3), since
Cre driver lines for VGLUT1-3 are available(Harris et al., 2014). In particular, as
mentioned above, VGLUT1 is known to express selectively in the majority of Aβ-LTMRs
as well as Aα-LTMRs(Todd et al., 2003), but not in nociceptors. On this rationale, in the
work that follows, I used a Vglut1-Cre driver line to direct the expression of ChR2 in Aβ
and Aα-LTMRs. This line is called Vglut1-ChR2. The target population was Aβ-LTMRs.
Because Aα-LTMRs innervate muscle and joint, which are structures deep to the skin, I
was able to selectively activate Aβ-LTMRs by using transdermal illumination of the paw
and behavioral assays without activating Aα-LTMRs.

1.3.2 Unraveling Heterogeneity with Cell Type-Specific RNA-seq
RNA-seq is a powerful method to assay gene expression accurately and at a
whole-genome scale. Until recently, RNA-seq was applied predominantly to the analysis
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of RNA of whole tissues (Shin et al., 2014). That is, RNA was isolated from the mixture
of cells that comprise a tissue such as brain or spinal cord. While useful, RNA-seq
performed in this way obscures the substantial differences in gene expression between
cell types (Poulin et al., 2016).
To understand the gene expression programs of distinct cell types, it is necessary
to analyze their transcriptomes in isolation from those of other cells. To access the
transcriptome of specific cell types, various methods have been developed. Dissociation
of intact neurons from neural tissue coupled with fluorescence activated cell sorting
(FACS) has been used to profile neurons and glia in the CNS, but this method requires
harsh protease treatments at warm temperatures, which induces artifactual gene
expression signatures due to processing(Adam et al., 2017). Moreover, whole cell
dissociation biases the eventual sample toward cells that are easier to dissociate or are
less susceptible to insults such as hypoxia(Cao et al., 2017). In the case of the dorsal
spinal cord from adult mice, standard proteolytic digestion results in a cell suspension
that is disproportionately composed of glial cells, with scant viable neurons, likely
owing to the presence of heavily myelinated tracts and high intercellular connectivity of
neurons in this region.
To obviate the need to dissociate cells, a cell type-specific method called Isolation
of Tagged Nuclei from Specific Cell Types (INTACT) (Mo et al., 2015) was developed. In
this method, nuclei are made to conditionally express a fusion protein comprised of
green fluorescent protein (GFP) and the native nuclear membrane protein SUN1 (Lei et
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al., 2009). Subsequently, the tagged nuclei can be captured either by
immunoprecipitation or fluorescence activated nuclear sorting (FANS) for downstream
RNA or DNA analysis.
The INTACT method has many benefits. First, nuclei are readily obtained from
fresh or frozen tissue at ice-cold temperatures by simple mechanical homogenization,
which eliminates the concern of processing artifacts and offers the possibility to use
precious post-mortem human samples(Lake et al., 2016). Because intercellular
connections are destroyed by mechanical dissociation, biases toward specific cell types
due to viability or cytoarchitecture are greatly minimized(Lacar et al., 2016). Moreover,
it has been demonstrated that the transcriptional signature of nuclear RNA is highly
concordant (~95%) with that of whole cells (Lake et al., 2017).

1.4 Questions and Aims
My dissertation is organized around the anatomical interface of the periphery
and the central nervous system. I start first by addressing the peripheral substrate of
mechanical allodynia. Then, I move to the spinal cord to uncover the transcriptomic
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signature of a defined population of spinal interneuron (SST+) that is known to mediate
the central transmission of mechanical pain signals.

Figure 1. Overview of Projects in this Dissertation.

1.4.1 Is activation of Aβ-LTMRs sufficient to produce pain-like
behaviors in the pathological context?
Although different lines of evidence suggest that Aβ-LTMRs are the principal
mediators of mechanical allodynia, definitive evidence has been lacking. Recent studies
indicate that the activity of Aβ-LTMRs is necessary for the manifestation of mechanical
allodynia-like behaviors in neuropathic models, but the sufficiency of Aβ-LTMRs for
allodynia-like behaviors is still unknown. To address that question, one must be able to
specifically activate Aβ-LTMRs in isolation from all other kinds of PSNs. An optogenetic
approach is ideally suited for this task. Thus, the first aim of this dissertation was to
determine whether activation of Aβ-LTMRs was sufficient to cause pain-like behaviors
using a novel optogenetic mouse line, the Vglut1-ChR2 line. I performed thorough
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molecular, electrophysiological and behavior experiments to characterize the features of
this mouse. From this, I determined that the Vglut1-ChR2 mouse does provide specific
access to Aβ-LTMRs and not nociceptors in naive animals. Then, I employed the Vglut1ChR2 in multiple models of chronic pain, including nerve injury-induced neuropathy,
chemotherapy-induced neuropathy, and inflammation, and assessed the behaviors
evoked by optogenetic activation. Surprisingly, I found that optogenetic activation of
Vglut1-ChR2+ sensory neurons did not produce pain-like behaviors, even when there
was concurrent evidence of pain-like hypersensitivity to natural stimuli. These
unexpected findings must be interpreted in light of the limitations of the methods I
used, but if true, they would warrant a reconsideration of the consensus view that
activity in Aβ-LTMRs produces allodynia.

1.4.2 What are the unique molecular features of the SST pain circuit
centrally?
As discussed above, novel genetic tools are allowing researchers to define the
specific roles of different spinal neuron populations in pain processing. Thus far, the
emerging perspective is that different aspects of pain processing are carried out by
distinct populations of spinal neurons, in support of the ‘labeled line’ concept (Prescott
et al., 2014). The approaches that are used to delineate the function of different spinal
populations either destroy or silence whole groups of neurons. While such approaches
are powerful in preclinical studies, the same methods could not be employed in human
patients. Rather, in order to target specific populations of spinal cells, it is necessary to
23

identify distinctive, pharmacologically-tractable molecular features of those cells. As
mentioned earlier, the SST population of spinal interneurons was shown to be necessary
for the sensation of mechanical pain, but not other pain modalities(Duan et al., 2014;
2017). Thus, the SST population represents a discrete neural module for a particular
aspect of pain sensation. If the unique molecular features of the SST population were
known, one could design new therapeutic strategies that selectively or solely affect SST
neurons. More generally, as the spinal circuits involved in pain are elucidated with
increasing precision, one could systematically identify the unique molecular features of
each circuit, and use that knowledge to guide circuit-specific pharmacological agents.
Thus, in my second aim, I used INTACT and RNA-seq to profile the
transcriptome of SST-lineage interneurons in the spinal dorsal horn of naive animals. In
this way, I identified more than 900 genes that were at least two-fold enriched in SST
neurons. Many of the top expressed genes had not been described in the spinal cord
before. I identified several highly enriched and distinct genes and validated them by in
situ hybridization and immunohistochemistry. These were the Phosphodiesterase 11A
(Pde11a), Carbonic Anhydrase 12 (Car12), and the protease activated receptor 3
(PAR3/F2rl2). In addition to their enrichment, these genes were also selected for
validation on the basis of their potential druggability since enzymes and surface
receptors are the most tractable protein classes for pharmacological modulation. As
indicated by my transcriptomic dataset, these genes were indeed found predominantly
in SST neurons. However, the spatial distribution of these novel genes revealed
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previously unknown heterogeneity within the SST population. To date, this is the first
cell type-specific transcriptomic study of a genetically defined spinal interneuron
population. The findings from this transcriptomic study provide a rich resource for
selecting promising targets for modulation of SST-mediated mechanical pain. Moreover,
the methodology developed in this aim will allow for many similar investigations of
defined spinal cell populations in myriad conditions and disease models.
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2 Determining the Role of Aβ-Low Threshold
Mechanoreceptors in Chronic Pain
2.1 Introduction1
Low-threshold mechanoreceptors (LTMRs) are a heterogeneous class of
peripheral sensory neuron (PSN) that subserves the sensation of innocuous touch
(Zimmerman et al., 2014). Fast-conducting, myelinated LTMRs are known as AβLTMRs, and these comprise the major tactile receptors in the skin(Abraira and Ginty,
2013). In addition to touch, previous studies in humans and rodents have suggested that
under pathological conditions, such as inflammation or neuropathy, Aβ-LTMRs may
also mediate the sensation of pain induced by touch, a phenomenon referred to as
mechanical allodynia. For chronic pain sufferers, mechanical allodynia can be highly
disabling since the myriad tactile stimuli of daily living (e.g. clothing brushing against
skin) evoke pain.
Despite much study, it is still unknown which type of PSN mediates mechanical
allodynia. Mechanical allodynia could result from the sensitization of nociceptors such
they are activated by non-noxious stimuli (i.e. a lowering of threshold). Alternatively,
LTMRs, which are normally activated by non-noxious mechanical stimuli, could gain
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authors are Alexander Chamessian, Megumi Matsuda, Michael Young, Michelle Wang, Zhi-jun Zhang, Di
Liu, Yong-Ho Kim, Brielle Tobin, Zhen-Zhong Xu, Thomas Van de Ven, Ru-Rong Ji. I wrote and was
involved, at minimum, in the design and analysis of every experiment in the manuscript.
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the ability to signal to central pain circuits following an insult, giving rise to pain from
touch (allodynia) (Dhandapani et al., 2018). To distinguish between these possibilities, it
is necessary to be able to activate a single population of PSN in the context of mechanical
allodynia, since a natural mechanical stimulus cannot exclusively engage a single type of
sensory neuron.
To that end, we developed and characterized a novel transgenic mouse line,
Vglut1-ChR2, to enable transdermal optogenetic activation of Aβ-LTMRs. We
demonstrate that in the Vglut1-ChR2 mouse, ChR2 is expressed in the majority of AβLTMRs as well as some proprioceptors but not in C- or A-nociceptors. We show that
optogenetic stimulation of VGLUT1-expressing Aβ-LTMRs elicits non-nociceptive
behaviors in naive mice and is not aversive. Surprisingly, in the setting of nerve injuryinduced neuropathy, optogenetic activation of Vglut1-ChR2 neurons did not produce
pain-like behaviors or aversion, suggesting that VGLUT1-expressing Aβ-LTMRs alone
may not be mediate mechanical allodynia.

2.2 Methods
2.2.1 Animals
The Slc17a7-IRES2-Cre (Vgut1-Cre) mouse line was obtained from Jackson lab
(#023527). Details for the construction of this mouse were described in (Harris et al.,
2014). The Ai32 line, which was also from Jackson Lab (#024109), possess the
ChR2(H134R)-EYFP transgene in the ROSA26 locus. Expression of the ChR2-(H134R)EYFP is made Cre-dependent by separation of the CAG promoter from the transgene by
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a loxP-flanked STOP cassette (Madisen et al., 2012). Male Vglut1-Cre mice homozygous
for the Cre allele were mated with homozygous Ai32 mice to produce compound
heterozygote offspring (Vglut1-ChR2), each bearing a Cre and Ai32 allele. To produce
control subjects for some experiments, Vglut1-Cre_ homozygotes were crossed with the
R26-EYFP line(Srinivas et al., 2001) obtained from Jax (#006148), producing compound
heterozygous offspring that express EYFP in Vglut1-Cre+ cells. Nav1.8-ChR2 mice were
generated by crossing Nav1.8-Cre (Agarwal et al., 2004) with Ai32. Npy2r-ChR2 mice
were generated by crossing homozygous Npy2r-IRES-Cre males(Chang et al., 2015),
which were obtained from Jackson Lab (#029285), with homozygous Ai32 females.

2.2.2 Spared Nerve Injury
The spared nerve injury (SNI) model was performed as previously described
(Bourquin et al., 2006). Briefly, mice were anesthetized under 2% isoflurane. An incision
was made near the lower thigh region, and the tibial, common peroneal and sural nerves
were exposed. The tibial and common peroneal nerves were transected using small iris
scissors. Care was taken to avoid touching or stretching the sural nerve. The muscle was
closely approximated, and the skin incision was closed using 9 mm wound clips (Fine
Science Tools). Animals were returned to their home cages following surgery and
monitored.

28

2.2.3 Nerve Blockade via Intraplantar Injections
Ropivacaine (0.5%, 20 ul) was injected in the subcutaneously into the plantar
surface of the left hind paw using a 29G insulin syringe. Care was taken to avoid
bleeding. A mixture of QX-314 (Sigma, #552233) and Flagellin (Invivogen, #tlrl-stfla) was
prepared to a final concentration of 60 mM QX-314 and 1 µg/20 µl Flagellin in sterile
PBS, as described previously(Xu et al., 2015). Sterile PBS was used as vehicle. 20 µl of
each solution was injected intraplanarly in a randomized and blinded fashion (A.C.)

2.2.4 Behavior
Animals mice (1-4 months of age) of both sexes were used in this study. Mice
were housed in the animal care facilities of Duke University School of Medicine.
Animals were kept on a 12h light/dark cycle. All the animal procedures were approved
by the Institutional Animal Care and Use Committee of Duke University. Animal
experiments were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals.
Animals were habituated to the behavior testing room for at least two days
before testing commenced. On each day of habituation, and on testing days, mice were
placed in individual, cylindrical plexiglass containers (2.75" ID, 3" Height) with a mesh
floor(1/4" x 1/4" in) and allowed to habituate for at least 2 hours. Behavioral testing
occurred between 11AM - 6PM.
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2.2.4.1

Mechanical Threshold (#methods-von Frey)
Mechanical thresholds were assayed using calibrated von Frey filaments (North

Coast Medical) and the Simplified Up-Down Method (SUDO) (Bonin et al., 2014). Fibers
were applied to the sural territory of the hind paw. Thresholds were determined first for
the ipsilateral paw (left) for all mice, and then the contralateral (right) for all mice.
2.2.4.2

Optogenetic Stimulation
A 470 nm LED (Thor Labs, M470F3) was coupled to a 1000 µm fiber (Prizmatix)

and an LED driver (D2200, Thor Labs) was used to control the stimulus parameters. For
all experiments, 5 ms pulse widths were used. Frequency was varied between 2-10Hz, as
indicated. Light intensity was varied between 1-10 mW/mm2 as indicated in each
experiment. Light intensity was measured at the tip using a power meter (PM100D,Thor
Labs.) All behavior was recorded for later analysis using a smartphone camera (iPhone
6S) at 30 frames per second (fps). For plantar photostimulation, the LED-coupled fiber
was brought into close proximity (1-2 mm) of the plantar hind paw but without
touching. Stimulation was carried out for 10s, which was counted as a trial. For behavior
in Fig. 7, for each mouse, 3 trials per mouse were performed, alternating between paws,
with at least 2 minutes between trials. Frequency was increased sequentially from 2Hz
to 5Hz and then 10 Hz. At each frequency, the intensity was also varied at 1, 2.5, 5 and
10 mW/mm2. For the experiment in Fig.8, 2 Hz was used for all intensities in order to
accurately measure single events. For the experiment depicted in Fig.9, 5 mW/mm2 and
10 Hz was used. For the experiment depicted in Fig.10-11, 10 mW/mm2, 10 Hz was used.
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We selected this stimulation setting because it most reliably produced light-evoked
withdrawal behaviors.
2.2.4.3

Behavior Scoring and Analysis (#methods-behavior-scoring)
Behaviors were scored from recorded videos acquired at the time of testing.

Behavioral coding was conducted using the open source event-logging software BORIS
(Friard and Gamba, 2016). The following ethogram was used:
•

Lift: Rapid up and down movement

•

Hold: Paw pulled upward toward the bottom and held

•

Flutter: Rapid, repeated lifts in succession

•

Jump: Both hindpaws come off the floor

•

Lick: Paw moved to the mouth and licked

•

Guard: Paw lifted and held laterally and at mid-body level

•

Vocalization: Audible sound such as a squeak

•

Rear: Mouse extends body vertically and stands on hind legs with support of
enclosure.

For the A-fiber blockade experiment depicted in Fig.9B-C, and the SNI
experiments depicted in Fig.11, both the tester (AC) and the scorer (MM) were blind to
treatment.
Behaviors were classified as reflexive or affective-motivational in accordance
with the definitions in Corder et al. (Corder et al., 2017).
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Withdrawal reflexes: rapid reflexive retraction of the paw that occurs in response
to nociceptive sensory information, but ceases once the stimulus is removed and afferent
nociceptive information stops.
Affective-motivational responses: temporally delayed (relative to the noxious
stimulus contact or removal of said stimulus), directed licking and biting of the paw
(termed ‘attending’), extended lifting or guarding of the paw and/or escape responses
characterized by hyperlocomotion, rearing or jumping away from the noxious stimulus.
In this study, we classified lifting, holding, and flutter as withdrawal reflexes and
licking, vocalization, rearing, jumping and guarding as affective-motivational responses.
Exported data from BORIS was further analyzed in R. Plotting and statistical
analysis were performed using the following packages: tidyverse, cowplot, readxl,
colorblindr, viridis, lme, lsmeans.
2.2.4.4

Real-Time Place Escape Avoidance
A custom two-chamber apparatus was fashioned with each chamber having

dimensions of 10cm x 10cm x 15cm and white, opaque walls. A 5 cm x 4 cm hole was
made at the midpoint of the wall joining the two chambers. Horizontal black striped
walls were present in one chamber, and vertical stripes in the other in order to provide
visually distinct cues for each chamber. The two-chamber apparatus was positioned on
top of the same mesh floor used for other behavior experiments. A camera (Logitech HD
Pro Webcam C90) was positioned above the chambers. Real-time tracking automated
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video tracking was carried out by a connected PC (Dell) running the ANY-MAZE
(Stoelting) tracking software.
A mouse was introduced into one of the two chambers at random. Mice were
first allowed to freely explore two chambers for 10 mins (Pre-stimulation). During this
Pre period, the majority of mice exhibited a preference for one or the other chamber. The
chamber in which each mouse spent the majority of the pre-stimulation period was
taken as its preferred chamber. Immediately following the pre-stimulation period, the
stimulation period (Stim) was commenced, during which time each mouse was allowed
to move freely between chambers. Whenever the mouse was in its preferred chamber,
blue light (470 nm, 10 mW/mm2, 10Hz) was applied to a single hind paw (left), and
whenever the mouse was in its non-preferred chamber, off-spectrum, yellow light (565
nm) was applied to the hind paw with a fiber-coupled LED (Thor Labs, M565F1) 10
mW/mm2 in order to control for the presence of an experimenter and visual stimulation
from light application. After the 10 minute stimulation period, light application ceased,
and the mice were allowed to move freely between chambers during a 10 minute poststimulation (Post) period. For the RT-PEA assay depicted in Fig.11, mice were
stimulated with blue light on the ipsilateral (left) paw when in the preferred chamber,
and on the contralateral paw when in the non-preferred chamber, analogous to the
traditional RT-PEA assay performed with von Frey fibers(Pratt et al., 2013).
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2.2.5 Immunohistochemistry and In situ hybridization
Animals were deeply anesthetized with isoflurane and transcardially perfused
with 4% paraformaldehyde. After perfusion, lumbar DRG (L3-L5) and spinal cord were
removed and postfixed in the same fixative for 2h at 4∘ 𝐶. Then, the tissues were
cryopreserved in 30% sucrose/PBS solution for at least 24 hours. All tissues were
mounted in Optimal Cutting Temperture (OCT) medium (Tissue-Tek) or PBS (freefloating sections) and cryosectioned using a cryostat (Leica). For immunofluorescence
and in situ hybridization, DRG sections were cut at 12 µm and thaw-mounted onto
Superfrost Plus slides (VWR), and spinal cord sections were cut at 14 µm on a cryostat
(Leica) and thaw-mounted.
For immunostaining of DRG, sections were blocked in a solution containing 1%
BSA and 0.4% Triton-X 100 for 1 h at room temperature (RT). After blocking, the sections
were then incubated overnight with primary antibodies diluted in 1% BSA with 0.2%
Triton-X 100 at 4C. After washing 3 times in PBS for 5 minutes at RT, sections were
incubated with the appropriate secondary antibody for 1 h at RT followed by 3 washes
in PBS for 5 minutes. Before mounting, some sections were counterstained with DAPI
and fluorescent Nissl stain (NeuroTrace 640/660, Thermo Fisher Scientific). Slides were
then mounted in Prolong Gold (Life Technologies) and allowed to dry overnight at room
temperature.
In situ hybridization was performed using the RNAscope system (Advanced Cell
Diagnostics) according to the manufacturer’s recommendations. Tissue pretreatment for
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DRG sections consisted of incubation with protease IV for 30 minutes at room
temperature. Subsequently, the protocol for the Multiplex Fluorescent Kit v2 was
followed without modification until the final wash step, after which immunostaining
with anti-GFP antibody was performed. Combing immunostaining with RNAscope was
necessary to recover the ChR2-EYFP signal since the protease treatment abolishes the
native EYFP fluorescence. Probes for Slc17a7 (Mm-Slc17a7, #416631), Ret (Mm-Ret,
#431791), Tlr5 (Mm-Tlr5, #451601), Ntrk2 (Mm-Ntrk2-C2, #423611-C2), and Nefh (MmNefh-C3, 443671-C3).
Skin immunostaining was performed as in as described by Arcourt et al. (Arcourt
et al., 2017). Briefly, skin from the hind paw was first fixed in methanol/acetone (1:1) for
30 mins at −20∘ 𝐶, washed four times with PBS, and then incubated in 30% sucrose for at
least 24 hours at 4∘ 𝐶. After embedding in OCT, 50µm cryosections were cut, dried,
incubated in 50mM Glycine for 45min, washed twice with PBST (0.2%), blocked 1h with
blocking buffer (PBST (0.2%),10% horse serum,1% BSA) and then incubated with
primary antibodies overnight at 4∘ 𝐶. After primary staining, sections were washed three
times, incubated with secondary antibody at room temperature for 1h, washed three
times, counterstained with DAPI and then mounted with Prolong Gold.
Primary antibodies were used at the following dilutions: mouse anti-NF200
(1:500, Sigma, N0142, RRID:AB_477257), chicken anti-GFP (1:1000, Abcam, 13970,
RRID:AB_300798), anti-CGRP (1:1000, Sigma C8198,RRID:AB_259091), rabbit anti-TH
(1:1000, Millipore AB152,RRID:AB_390204), TROMA-1 (Iowa Developmental Studies
35

Hybridoma Bank, 1:200). Secondary antibodies were as follows: Cy3-conjugated antiRabbit IgG (1:500, Jackson ImmunoResearch), Alexa 488-conjugated anti-Chicken IgG
(1:500, Jackson ImmunoResearch), Alexa 546-conjugated anti-Chicken IgG (1:500,
Thermo Fisher Scientific), Cy3-conjugated anti-Mouse IgG (1:500, Jackson
ImmunoResearch). For some sections, Alexa 568-Isolectin GS-IB4 from Griffonia
simplicifolia (Thermo Fisher Scientific) was used at a 1:1000 dilution during secondary
antibody incubation.

2.2.6 Image Analysis
Imaging was performed using an epifluorescence microscope (Nikon Eclipse
NiE). For quantification, all images were taken using the same acquisition settings. For
DRG quantitation, every fifth section was counted, with 2-4 DRG sections from each
animal. Images in Fig.2 were analyzed in Adobe Photoshop CC. For each staining
combination, a threshold was set and globally applied for each color channel and coexpression events were counted manually. For ISH experiments in Fig.3, we used the
bioimage analysis software QuPath(Bankhead et al., 2017). Borders were drawn
manually around cells to define regions of interest. The cross-sectional area and mean
intensity for each color channel were extracted for each cell. A histogram of the mean
intensities for each channel was plotted in R. For ChR2-EYFP a clear bimodal
distribution was apparent, and the boundary between the population was used to
classify cells as positive or negative. For Ret and Nefh a continuous distribution was
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apparent. To set a threshold for each channel, we sampled cells in QuPath that were
judged to be completely negative of signal, and we set a threshold one standard
deviation above the mean of the negative cells. Cells above the threshold were
considered positive. The areas of the cells from this set were used to determine the
proportion of ChR2-EYFP cells comprising each size class in Fig. 2D. Tlr5 was expressed
more sparsely and presented as puncta rather than filling the whole cell. Thus, we used
instead the ‘subcellular detection’ analysis feature of QuPath to count individual spots.
A spot threshold was set and cells with spot counts above the threshold were classified
as positive.

2.2.7 Dorsal Root Ganglia Recordings
DRGs were aseptically removed from adult mice (5-6 weeks) and digested with
collagenase Type II (0.2 mg/mL Roche) and Dispase II (3 mg/mL Worthington) for 120
min. Cells were seeded onto poly-D-lysine coated glass coverslips and incubated for 1648 hrs in Neurobasal (10% FBS, 2% B27, and 1% Antibiotic-Antimycotic) at 37∘ 𝐶 with 5%
CO2 prior to the experiment. Whole-cell voltage clamp recordings were performed at
room temperature with an EPC10 amplifier (HEKA). Pipettes were pulled from
borosilicate glass to a resistance of 2-5 𝑀𝛺. The bath solution consisted of 140 mM NaCl,
3 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM glucose, and 10 mM HEPES. The internal
pipette solution consisted of 5 mM NaCl, 130 mM K-gluconate, 2 mM MgCl2, 10 mM
EGTA, and 10 mM HEPES. Optical stimulations were performed using 470 nm light
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delivered from a 40x objective (Olympus). The light source was white light (CoolLED
pE-300) filtered with a GFP Fluorescence Cube Set (470/525 Em/Ex) at 10% maximum
intensity. Series resistance was compensated at least 60% and only cells for which the
resistance remained stable and below 𝑀𝛺 were used for subsequent analysis. Liquid
junction potential, calculated using the JPCalc software, was corrected post hoc.

2.3 Results
2.3.1 Distribution of ChR2-EYFP
2.3.1.1

Dorsal Root Ganglia
To gain genetic access to Aβ-LTMRs, we crossed a Vglut1-Cre transgenic mouse

line (Slc17a7-IRES2-Cre) (Harris et al., 2014) to a Cre-dependent ChR2-EYFP reporter line
(Ai32) (Madisen et al., 2010), since it has been demonstrated that Vglut1 is expressed
preferentially in low-threshold mechanoreceptors (Alvarez et al., 2004), in contrast to
Vglut2 and Vglut3, which are expressed by preferentially by nociceptors and C-fiber
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LTMRs, respectively(Rogoz et al., 2012). We refer to the offspring of this cross as Vglut1ChR2.

Figure 2. Cellular distribution of ChR2-EYFP in dorsal root ganglia : (A),

ChR2-EYFP co-expression with selected markers in DRG. Scale bar: 50 𝝁m. (B, C),
Quantification of co-expression of ChR2-EYFP with selected markers (Mean ± SEM,
n=4 animals, 3-4 sections/animal). (D), Size Distribution of all (Total) and ChR2EYFP+ DRG neurons, expressed as probability density. (E), Proportion of ChR2-EYFP+
neurons in each size class of DRG neuron. Small: < 300𝝁m, Medium: 300-600 𝝁m,
Large: >600 𝝁m. Values inside bars represent the number of ChR2-EYFP+ (green) and
ChR2-EYFP- (grey) neurons in each size class (n=6 animals, 2-3 sections/animal).
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To examine the distribution of ChR2-EYFP and co-expression with canonical
class markers, we performed immunohistochemical staining and in situ hybridization on
lumbar DRGs of Vglut1-ChR2 mice (Fig. 2A-C).Twenty-four percent (24%) of all DRG
neurons (Nissl Stain) expressed ChR2-EYFP. Ninety-five (95%) percent of ChR2-EYFP+
neurons in Vglut1-ChR2 mice co-expressed Vglut1 mRNA by in situ hybridization, while
(58.88 of Vglut1+ neurons co-expressed ChR2-EYFP, demonstrating that ChR2-EYFP
expression is highly specific but incompletely penetrant.
Seventy-eight percent (78%) of ChR2-EYFP+ neurons co-expressed NF200, a
marker of myelinated fibers. Conversely, 42% of NF200+ neurons co-expressed ChR2EYFP. ChR2-EYFP+ neurons showed negligible co-expression with isolectin-B4 (IB4,
(3%)) and calcitonin gene-related peptide (CGRP,(5%)), markers of non-peptidergic and
peptidergic nociceptors, respectively. Co-expression of ChR2-eYFP+ neurons with
tyrosine hydroxylase (TH), a marker of low-threshold, unmyelinated C-LTMRs, was
virtually undetectable (2%). Overall, the mean cross-sectional area of ChR2-EYFP+
neurons (786± 20 µm2 n=248), was substantially larger than that of all DRG neurons
(368± 6 µm2 , n=1667)(Fig. 2D). Consistently, we also found that ChR2-EYFP+ constitute
more than half of all large-sized neurons (>600 µm2). Taken together, these results
indicate that vast majority of ChR2-EYFP+ cells in Vglut1-ChR2 mice are myelinated,
medium- to large-sized neurons that express Vglut1 and are not C-nociceptors or CLTMRs.

40

Figure 3. Co-expression with Aβ-LTMR markers Co-expression of ChR2-EYFP
with Nefh and Ret (A) and Tlr5 (B), Scale Bar: 50 µm. Arrows indicate cells that coexpress all markers. (C), Venn Diagram of overlap between ChR2-EYFP, Nefh and
Ret. (D-E),Quantification of co-expression for ChR2-EYFP, Nefh, and Ret represented
as percent (%) of population (Mean ± SEM, n=6 animals, 2-3 sections/animal)
To further characterize the identities of Vglut1-ChR2+ neurons, we used in situ
hybridization to determine the co-expression of ChR2-EYFP with more specific markers
of Aβ-LTMRs, Ret and Toll-Like Receptor 5 (Tlr5) (Fig 3A-B). Ret is a marker for rapidlyadapting Aβ-LTMRS (Aβ RA-LTMRs) (Luo et al., 2009), Aβ-field LTMRs (Bai et al., 2015)
as well as non-peptidergic C-nociceptors. To distinguish between LTMRs and Cnociceptors of neuron, we used the combination of Ret with Nefh (i.e. mRNA for NF200)
to identify Ret-expressing Aβ LTMRs. Tlr5 is expressed broadly by Aβ-LTMRs but not
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other types of PSN(Xu et al., 2015). A large portion of the ChR2-EYFP+ population (35%)
co-expressed the combination of Ret+/Nefh+, indicating that these are either Aβ RA- or
field-LTMRs. A comparable fraction of all Ret+/Nefh+ neurons (41%) co-expressed ChR2EYFP (Fig 3D). More than half of all ChR2-EYFP+ neurons expressed Tlr5 (66%), and
(42%) of Tlr5+ neurons expressed ChR2-EYFP (Fig 3E), further corroborating the
identification of these neurons as Aβ-LTMRs. Additionally, we examined the expression
of TrkB by ISH, as this gene is known to mark Aβ-RA-LTMRs and Aδ-LTMRs.
Interestingly, we found that the majority of neurons expressing high levels of TrkB do
not co-express ChR2-EYFP, but some ChR2-EYFP do express low levels of TrkB (Fig. 4)
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Figure 4. Expression of TrkB in Vglut1-Chr2 DRG. (Left), Co-expression of
ChR2-EYFP and TrkB (Ntrk2) transcript by ISH. Arrows indicate a co-expressing cell.
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Note the expression of TrkB around the circumference of ChR2-EYFP+ neurons, likely
in Satellite Glia. Scale: 𝟓𝟎𝝁𝒎. (Right), Zoom of inset.
2.3.1.2

Spinal and cutaneous projections

Figure 5. Spinal and cutaneous projections of ChR2-EYFP+ neurons in Vglut1ChR2. (A), Low magnification of ChR2-EYFP+ afferents in the lumbar spinal cord
(Top), Scale: 500 µm. High magnification images of ChR2-EYFP+, CGRP+ and IB4+
afferents in the dorsal horn (Bottom), Scale: 100 µm. Laminar borders (white) are
represented in the Merged image. (B), Cutaneous Projections of ChR2-EYFP+ afferents
in glabrous (Top, Mid), and Hairy (Bottom) skin, Scale: 10 µm.
In the spinal cord, ChR2-EYFP+ afferent fibers were evident in the deep dorsal
horn (lamina IIiv-lamina V), the dorsal columns (DC), and to a lesser extent, the ventral
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horn (Fig 5A). ChR2-EYFP+ fibers were not present in the superficial laminae (I-IIio),
where most nociceptive inputs are processed(Basbaum et al., 2009), as evidenced by the
lack of overlap with CGRP+ or IB4+ afferent. The absence of ChR2-EYFP+ fibers in the
superficial dorsal horn suggests that they are not C- or Aδ-nociceptors. The high density
of ChR2-EYFP+ afferents in the deep laminae (IIiv-V), also known as the LTMR
Recipient Zone (LTMR-RZ), and dorsal columns supports the identification of the
remainder of the afferents in this region as Aβ-LTMRs. The presence of ChR2-EYFP+
fibers in the ventral horn also indicates that some ChR2-EYFP+ neurons are
proprioceptors, consistent with previous findings regarding VGLUT1 expression in the
spinal cord(Todd et al., 2003).
In the skin, ChR2-EYFP+ afferents were present in the dermis and formed
characteristic cutaneous end organs. In the glabrous skin of the hind paw, ChR2-EYFP+
fibers were present in close contact with TROMA1+ Merkel Cells in Merkel Cell-neurite
complexes(Fig 5B-Top), and also in Meissner corpuscles in the dermal papillae(Fig 5BMiddle), which are features of slowly-adapting (SA) and rapidly-adapting (RA) AβLTMRs, respectively (Abraira and Ginty, 2013). In the hairy skin of the hind paw, ChR2EYFP+ fibers were also found encircling hair follicles in longitudinal lanceolate endings
(Li et al., 2011). These findings demonstrate that the population of cutaneous ChR2EYFP+ fibers represents at least two distinct subtypes of Aβ-LTMR.
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2.3.2 Electrophysiological characterization

Figure 6.Patch-clamp electrophysiology of ChR2-EYFP+ and ChR2-EYFP- DRG
neurons (A), Continuous exposure to 470 nm light for 1s resulted in depolarization
and light-evoked action potentials in ChR2-EYFP+ DRG neurons (black) but not
ChR2-EYFP- neurons (red). (B), Exposure to light at 10 Hz drove phase-locked action
potential firing in ChR2-EYFP+ DRG neurons (black) but not ChR2-EYFP- controls
(red). C, Representative action potential waveforms from ChR2-EYFP+ (top) and
ChR2-EYFP - (bottom) DRG neurons. D, The width of the action potential waveform
at half-maximum amplitude of ChR2-EYFP+ (black) and ChR2-EYFP- (red) DRG
neurons. E, The action potential threshold of ChR2-EYFP+ (black) and ChR2-EYFP(red) DRG neurons. Statistical significance was assessed using student’s two-tailed ttest, * p < 0.05, ** p<0.005.
Patch clamp recording was performed on dissociated DRG neurons from Vglut1ChR2 mice in vitro. The majority of ChR2-YFP+ neurons (6/7) responded with only a
single or a few spikes after receiving constant photostimulation (1s), followed by a
prolonged depolarization above baseline which was absent in ChR2-EYFP- controls (Fig.
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6A). Action potentials were faithfully produced up to 10 Hz in ChR2-EYFP+ DRG
neurons but not in ChR2-EYFP- neurons(Fig. 6B). ChR2-EYFP+ DRG neurons all lacked
an inflection in the repolarization phase often found in ChR2-EYFP- neurons (Fig. 6C).
Further characterization of the spike waveform revealed that the width at half-maximal
activation of ChR2-EYFP+ DRG neurons was significantly lower than that of ChR2EYFP- neurons (Fig. 6D). Both of these properties are consistent with those of LTMRs
(Ewan St John Smith, 2009). Spike thresholds, were also found to be significantly lower
in ChR2-EYFP+ DRG compared to ChR2-EYFP- neurons (Fig. 6E)

2.3.3 Behavioral characterization in naive mice
2.3.3.1

Light-evoked withdrawal behavior
We applied blue light (470nm) to the plantar surface of the hind paw to assess

the behavioral response to activation of Vglut1-ChR2 neurons. We measured several
facets of the behavioral response. We took paw withdrawal as a primary measure, but
we also measured secondary behaviors that reflect the nature of the withdrawal. We
classified behaviors as “Reflexive” (Lift, Hold, Jump, Flutter) and others as “AffectiveMotivational” (Guard, Lick, Rear, Vocalize) as in a recent study by Corder et al(Corder et
al., 2017). A full description of the scoring paradigm can be found in the Methods. We
also scanned a range of light intensities (1-10 mW/mm2) and frequencies (2-10Hz)
consistent with the parameters used in similar studies of optogenetic stimulation of
primary sensory neurons(Arcourt et al., 2017).

47

Figure 7. Light-evoked withdrawal behaviors in naive Vglut1-ChR2 Mice (A),
Response frequency (i.e. fraction of all trials with at least one response per trial)
increases with the intensity and frequency of light stimulation (n=14). (B), The total
number of all behavioral responses increases with intensity and frequency of light
stimulation (n=14). (C), Dot plot representation of individual scored behaviors at each
intensity and frequency combination. The size of each dot represents the percent of
trials in which the behavior was observed, and the color represents the total number
of a given behavior per trial, with red indicating higher numbers and blue indicating
lower numbers. (D-E), The number of affective-motivational and reflexive responses
per trial.
The typical response to photostimulation of the hind paw was a rapid paw lift or
no response, depending on the stimulation parameters. Response frequency, which
measures whether the mouse responded at all during a 10s trial, increased with both
light intensity and frequency (Fig 7A), reaching maximum at 10 mW/mm2. The total
number of events per trial also increased with increasing intensity and frequency(Fig
7B). At all intensities and frequencies, the most frequently observed behaviors were
lifting (Fig. 7C). Affective-motivational behaviors were scarcely seen, even at the highest
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intensities and frequencies (Fig. 7C-D), while reflexive behaviors increased up to 10
mW/mm2.

Figure 8. Comparison of light-evoked withdrawal behaviors in Vglut1-ChR2
and Nav1.8-ChR2 mice. (A), The response frequency of Vglut1-ChR2 is lower than
that of Nav1.8-ChR2 at all intensities. (B), The total number of responses is
substantially lower in Vglut1-ChR2 compared to Nav1.8-ChR2. (C), The behavioral
signatures of Vglut1-ChR2 and Nav1.8-ChR2 differ markedly. Dot plot representation
of individual scored behaviors at each intensity and frequency combination. The size
of each dot represents the percent of trials in which the behavior was observed, and
the color represents the total number of a given behavior per trial, with red indicating
higher numbers and blue indicating lower numbers. (D), Affective-motivational
behaviors increase with intensity in Nav1.8-ChR2 but are absent in Vglut1-ChR2. (E),
The number of reflexive responses is higher at all intensities in Nav1.8-ChR2. Vglut1Chr2 (n=14), Nav1.8-ChR2 (n=6) for all panels.
To better understand the nature of the light-evoked responses in Vglut1-ChR2
mice, we directly compared their paw withdrawal behaviors to those of Nav1.8-ChR2
mice, which conditionally express ChR2 in the majority of nociceptors and have been
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thoroughly characterized previously(Daou et al., 2013). For this comparison, we used
low frequency (2Hz) so that we could accurately measure individual events. Nav1.8ChR2 mice reached peak response frequency even at the lowest intensity (1 mW/mm2).
The number of behavioral responses per trial was markedly different between the two
mouse lines; Nav1.8-ChR2 mice responded to light many more times during a 10s trial
than did Vglut1-ChR2 mice(Fig. 8B). At 10 mW/mm2, Nav1.8-ChR2 mice responded to
every light pulse (2 Hz for 10s = 20 pulses per trial) without fail, while Vglut1-ChR2 mice
failed to respond more than 50% of the time at the same intensity. In contrast to Vglut1ChR2 mice, Nav1.8-ChR2 displayed many more stereotypical nocifensive behaviors
including licking, jumping and vocalization as intensity increased(Fig. 8C-D). Some
pain-related behaviors, such as audible vocalization(Williams et al., 2008), which were
never observed in Vglut1-ChR2 mice, appeared prominently at 10 mW/mm2 in Nav1.8ChR2 mice. However, even for Nav1.8-ChR2 mice, the more numerous type of response
was reflexive (Fig. 8E). Taken together, these results indicate that the behavioral
responses elicited by photostimulation of cutaneous Vglut1-ChR2 neurons are most
likely non-nociceptive given their marked divergence from the behaviors elicited by the
same stimuli in Nav1.8-ChR2 mice.
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2.3.3.2

Local anesthetic and A-fiber selective blockade abolishes light-evoked paw
withdrawal

Figure 9. Light-evoked withdrawal behaviors are abolished by general and Afiber-selective blockade (A), Intraplantar (I.pl) Ropivacaine (0.5%, 𝟐𝟎𝝁𝒍) blocked
light-evoked paw withdrawal in 8/9 mice (n=9) in the ipsilateral (left) paw, but all
mice (9/9) responded to stimulation of the uninjected, contralateral paw. (B-C) Lightevoked response frequency and number of responses per trial were strongly
attenuated in the ipsilateral (Ipsi) paw of Vglut1-ChR2 mice that received A-fiber
blockade with QX-314/Flagellin (60 mM/1µg, 20 µl) injected I.pl but not Vehicle
control (PBS, 𝟐𝟎𝝁𝒍). In both treatment groups, the contralateral (Contra), uninjected
paw was also stimulated after ipsilateral stimulation to demonstrate the localized
nature of A-fiber blockade and confirm the responsiveness of each subject
(n=7/group, Stimulation: (5 mW/mm2, 10 Hz)) p < 0.01 (**), p<0.001 (***) by Two-Factor
Linear Mixed Effects (LME) model with Tukey’s post-hoc test.
To confirm that light-evoked withdrawal behaviors in Vglut1-ChR2 mice
required neuronal firing, we injected the sodium channel-blocking local anesthetic
ropivacaine (0.5%) subcutaneously in one hind paw and then photostimulated both the
ipsilateral and contralateral paws 30 mins post-injection at 10 mW/mm2 and 10 Hz.
Ipsilateral photostimulation resulted in only 10% of mice responding (1/9) but 100%
responding on the contralateral side (9/9), thus confirming that light-evoked withdrawal
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in Vglut1-ChR2 requires neuronal action potential firing (Fig. 9A). To determine more
precisely whether light-evoked withdrawal behaviors in Vglut1-ChR2 were due to
neuronal activity of A-fibers, we employed a combination of the Toll-like Receptor 5
(TLR5) ligand Flagellin and the membrane-impermeable sodium channel blocker QX314, as we recently demonstrated that this mixture produces selective and reversible Afiber blockade (Xu et al., 2015). Because the majority of Vglut1-ChR2+ neurons express
Tlr5 (Fig.3B,E), we predicted that this pharmacological blockade would attenuate lightevoked behaviors upon plantar photostimulation. Indeed, response frequency and
number of events per trial were dramatically reduced in the ipsilateral paw 30 minutes
after intraplantar injection of Flagellin/QX-314 (1 µg/60mM) but not vehicle (PBS)
control (Fig. 9B-C). Contralateral photostimulation did not differ between the treatment
groups, corroborating the specificity and of A-fiber blockade.
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2.3.4 Activation of Cutaneous Vglut1-ChR2 Neurons is not Aversive
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Figure 10. Optogenetic place escape-avoidance assay in non-nociceptive and
nociceptive ChR2-Expressing mice. (A), Schematic of RT-PEA assay. The assay is
divided into three 10 min stages: Pre-stimulation (Pre), Stimulation (Stim), and Poststimulation (Post). During the Pre period, mice are allowed to freely explore both
sides of the chamber apparatus. During the Stim period, mice are stimulated with
blue light in their preferred chamber and with yellow light in their non-preferred
chamber. During the Post period, mice freely move between chambers without
stimulation. (B-C), Blue light stimulation causes strong aversion in nociceptive
(Nav1.8-ChR2 and Npy2r-ChR2) but not non-nociceptive mice(Vglut1-ChR2 and
Vglut1-EYFP). One-Factor Linear Mixed Effects (LME) model for all lines, with
Tukey’s post-hoc test if the main effect was significant. Vglut1-ChR2, Stage: 𝑭(𝟐,𝟐𝟔) =
𝟐. 𝟒𝟒, p = 0.11, n=14. Vglut1-EYFP, Stage: 𝑭(𝟐,𝟏𝟐) = 𝟎. 𝟏𝟕, p = 0.85, n=7. Nav1.8-ChR2,
Stage: 𝑭(𝟐,𝟏𝟎) = 𝟗𝟔. 𝟑𝟗, p <0.0001. Pre vs Stim, p < 0.0001, Pre vs Post, p = 0.002, Stim vs
Post, p < 0.0001, n=6. Npy2r-ChR2, Stage: F(2,12)= 33.27, p < 0.0001. Pre vs Stim, p
<0.0001, Pre vs Post, p = 0.0002, Stim vs Post, p= 0.127, n=7. NS = Not Significant
(p>0.05), (**) p <0.01, (***), p <0.001. (D-E), RT-PEA assay results represented as change
from baseline (Pre) preference (%). One-Factor LME for all lines, with Tukey’s posthoc test if the main effect was significant. Vglut1-ChR2, Stage: 𝑭(𝟐,𝟐𝟔) = 𝟐. 𝟒𝟎, p = 0.11.
Vglut1-EYFP, Stage: 𝑭(𝟐,𝟏𝟐) = 𝟎. 𝟐𝟓, p = 0.78. Nav1.8-ChR2, Stage: 𝑭(𝟐,𝟏𝟎) = 𝟏𝟒𝟒. 𝟖, p
<0.0001. Pre vs Stim, p < 0.0001, Pre vs Post, p = 0.0005, Stim vs Post, p < 0.0001. Npy2rChR2, Stage: 𝑭(𝟐,𝟏𝟐) = 𝟑𝟖. 𝟑𝟗, p < 0.0001. Pre vs Stim, p <0.0001, Pre vs Post, p = 0.0001,
Stim vs Post, p= 0.121. NS = Not Significant (p>0.05), **, p <0.01, ***, p <0.001. (F),
Representative spatial heat maps for each mouse line. Yellow indicates more time
spent in the area and blue indicates less time spent in the area. NP: Non-Preferred
Chamber, P: Preferred Chamber.
To assess whether activation of Vglut1-ChR2+ neurons is aversive, we adapted a
two-chamber, real-time place escape/avoidance (RT-PEA) assay that was recently used
to test aversion caused by optogenetic activation of TRPV1-ChR2+ nociceptors in the
trigeminal system (Rodriguez et al., 2017)(Fig. 10A). We performed this RT-PEA assay
on Vglut1-ChR2 mice as well as Vglut1-EYFP. Consistent with our other results
supporting a non-nociceptive character of Vglut1-ChR2+ neurons, blue light
photostimulation of the plantar hind paw did not produce statistically significant
aversion during the stimulation period or the post-stimulation period in Vglut1-ChR2+
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mice and VGLUT1-EYFP controls(Fig. 10B,E-F). In contrast, Nav1.8-ChR2 mice showed
strong aversion during the stimulation period that persisted into the post-stimulation
period as well, demonstrating that this RT-PEA assay can report on the aversiveness of
an experience if the stimulus is adequate(Fig. 10B,E-F).
Because the Nav1.8-ChR2+ population makes up a large proportion of all DRG
neurons, it is possible that the observed differences in aversion behavior between
Vglut1-ChR2 and Nav1.8-ChR2 mice was a consequence of the number of neurons
activated rather than the distinct characteristics of the two populations. To address this
possibility, we generated an additional mouse line in which ChR2 is conditionally
expressed in Neuropeptide Receptor Y Receptor 2 (Npy2r)-positive Amechanonociceptors. Npy2r-ChR2+ neurons make up a much smaller proportion of all
DRG neurons than Nav1.8-ChR2+ neurons, and thus are more comparable to the Vglut1ChR2+ population with respect to number of neurons that would receive
photostimulation at the hind paw(Arcourt et al., 2017). In the RT-PEA assay, Npy2rChR2 mice showed strong aversion during the stimulation period and post-stimulation
period, comparable to that seen in Nav1.8-ChR2 mice (Fig. 10C,E-F). Collectively, these
findings indicate that optogenetic activation of Vglut1-ChR2+ LTMRs does not produce
aversion while activation of both large and small populations of nociceptors does
produce strong aversion. Furthermore, these results suggest that it is type rather than
number of sensory neurons activated that determines the aversiveness of a stimulus.
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Having established that cutaneous Vglut1-ChR2 neurons are Aβ-LTMRs and that
their activation by light neither produces pain-like behaviors nor aversion in naive mice,
we next sought to address the principal question of this study: Does activation of AβLTMRs alone elicit nociceptive behaviors under pathological conditions? To that end, we
employed the Spared Nerve Injury model (SNI) on Vglut1-ChR2 mice to induce
mechanical hypersensitivity in the sural territory of the hind paw. To minimize intersubject variation, we used the contralateral paw as a within-subject comparison for the
injured hind paw. To assess mechanical hypersensitivity from a natural mechanical
stimulus, we used von Frey monofilaments to determine the 50% paw-withdrawal
threshold (PWT). One week after nerve injury, on post-operative day 7 (POD7), the mice
showed a marked reduction in PWT in the ipsilateral paw compared to baseline, but not
the contralateral paw, consistent with previous studies using the SNI model in
mice(Bourquin et al., 2006)(Fig. 11A). On POD7 we tested light-evoked behaviors using
low and high intensity (1 or 10 mW/mm2) at constant frequency (10 Hz). We did not
observe statistically significant differences between the ipsilateral and contralateral
paws with regard to the number of any kind of behavior (Fig. 11B-D). Notably, there
was no increase in affective-motivational behaviors (e.g. licking, vocalizing, guarding) in
the ipsilateral paw compared to baseline or between paws.
To test relative aversiveness of photostimulation of the injured hind paw, we
subjected the SNI cohort to a modified version of the RT-PEA assay on POD8. In this
modified RT-PEA, we applied blue light (10 mW/mm2, 10Hz) to the sural territory of the
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ipsilateral hind paw when the mouse was in its preferred chamber and to its
contralateral paw when in the non-preferred chamber, analogously to the traditional
PEA assay that uses von Frey filaments to assess unilateral insults(Pratt et al., 2013). In
this manner, we did not observe any changes in chamber preference during the
stimulation period or the post-stimulation period, indicating that activation of Vglut1ChR2 neurons in an injured hind paw does not produce any relative aversion compared
to stimulation of an uninjured hind paw(Fig. 11E-F).
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2.3.5 Optogenetic stimulation of Vglut1-ChR2 mice in the setting of
nerve injury-induced neuropathy

Figure 11. Optogenetic stimulation of SNI mice does not elicit pain-like
behaviors or aversion (A), Spared Nerve Injury causes decreased paw withdrawal
thresholds (PWT) in the ipsilateral on post-operative day 7 (POD7) but not the
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contralateral paw. Bar height: Mean; error bars: s.e.m. (n= 7 mice/group; Two-factor
LME model with Tukey’s post-hoc test for multiple comparisons. Paw: 𝑭(𝟏,𝟏𝟖) = 𝟖. 𝟐𝟕,
p = 0.01, Time; 𝑭(𝟏,𝟏𝟖) = 𝟏𝟏. 𝟗𝟐, p = 0.003, Paw x Timepoint: 𝑭(𝟏,𝟏𝟖) = 𝟏𝟑. 𝟗𝟗, p = 0.002.
Ipsi-POD7 vs. Contra-POD7 (**), p = 0.001. (B), The total number of light-evoked
responses are not different between the ipsilateral and contralateral paws at both low
(1 mW/mm2) and high (10 mW/mm2) intensity on POD7. Three-factor LME model.
Paw x Timepoint X Intensity: 𝑭(𝟏,𝟒𝟐) = 𝟎. 𝟔𝟓, p = 0.42. (C-D), The number of reflexive
and affective-motivational responses are not different between ipsilateral and
contralateral paws on POD7 and are not significantly different from baseline values.
Three-factor LME model. Affective-Motivational; Paw x Timepoint X Intensity:
𝑭(𝟏,𝟗𝟎) = 𝟏. 𝟓𝟏, p = 0.218. Reflexive; Paw x Timepoint X Intensity: 𝑭(𝟏,𝟗𝟎) = 𝟎. 𝟐𝟔, p =
0.86. (E-F), Ipsilateral stimulation on POD7 did not produce more aversion compared
to contralateral stimulation in a modified RT-PEA assay. E, One-Factor LME, Stage:
𝑭(𝟐,𝟏𝟐) = 𝟎. 𝟗𝟖𝟒, p = 0.40. F, One-Factor LME, Stage: 𝑭(𝟐,𝟏𝟐) = 𝟏. 𝟎𝟔, p = 0.38.
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2.4 Discussion
In this study, we described a novel Vglut1-ChR2 transgenic mouse line and
demonstrated its utility as a tool to activate cutaneous Aβ-LTMRs via transdermal
optogenetic stimulation. We exploited the Vglut1-ChR2 line to test whether specific
activation of cutaneous Aβ-LTMRs is sufficient to produce pain-like behaviors in the
setting of neuropathy, a key outstanding question in pain research. The major findings
of our work are the following:
Cutaneous Vglut1-ChR2 neurons are Aβ-LTMRs: The molecular,
neuroanatomical and electrophysiological features of Vglut1-ChR2+ neurons align
overwhelmingly with the known features of Aβ-LTMRs but not Aδ/C-nociceptors or CLTMRs.
•

Optogenetic stimulation elicits paw withdrawal in an intensity- , frequency-, and
activity-dependent manner: Transdermal photostimulation of the hind paw in
Vglut1-ChR2 produced paw withdrawal behaviors in an intensity- and frequencydependent manner that were absent in ChR2-negative control mice, and were
blocked both by ropivacaine (general sodium channel blocker) and selective A-fiber
blockade (Flagellin/QX-314). Thus, transdermal photostimulation of Vglut1-ChR2
mice is sufficient to produce observable and specific behaviors that are the result of
ChR2-mediated neuronal activity. Because of the near complete abolition of
withdrawal behaviors after intraplantar Flagellin/QX-314, we conclude that the
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observed withdrawal behaviors are due to A-fiber activation and not activation of
other kinds of neurons.
•

Light-evoked paw withdrawal behaviors in Vglut1-ChR2 mice are not nociceptive:
The reflexive withdrawal behaviors elicited by optogenetic stimulation of Vglut1ChR2 mice differed markedly from those exhibited by Nav1.8-ChR2 mice, which
express ChR2 in the majority of nociceptors(Daou et al., 2013). Optogenetic
stimulation of Nav1.8-ChR2 produced a wide range of behaviors including licking,
guarding, audible vocalization, jumping, flutter, holding, as well as paw lifting. In
contrast, Vglut1-ChR2 failed to exhibit most of these behaviors of Nav1.8-ChR2, and
only showed lifting or holding. Thus, given the divergent, non-overlapping
behavioral profiles of these two lines, we conclude that cutaneous Vglut1-ChR2+
neurons are not nociceptors and the light-evoked behaviors exhibited in these mice
are non-nociceptive.

•

Activation of cutaneous Aβ-LTMRs is not aversive in naive animals: Transdermal
hind paw activation of cutaneous Vglut1-ChR2+ Aβ-LTMRs was not aversive, while
activation of Nav1.8-ChR2+ and Npy2r-ChR2+ nociceptors was strongly aversive,
further supporting the claim that activity in Vglut1-ChR2+ is non-nociceptive.

•

Nerve injury-induced neuropathy neither alters light-evoked paw withdrawal
behaviors nor real-time aversion in Vglut1-ChR2 mice : In the SNI model of nerve
injury-induced neuropathy, the profile of light-evoked paw withdrawal behaviors
did not differ between the ipsilateral and contralateral paws at 1 week post-injury in
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spite of marked hypersensitivity to punctate mechanical stimulation (von Frey) in
the ipsilateral paw at the same time point. Moreover, in the RT-PEA assay,
optogenetic stimulation of the ipsilateral hindpaw did not produce aversion relative
to the contralateral paw.
Our findings would suggest that activation of Aβ-LTMRs alone does not
underlie the allodynia-like mechanical hypersensitivity observed in neuropathic pain
models in mice. If true, this conclusion would warrant a reconsideration of the
consensus view that Aβ-LTMRs are the substrate for mechanical allodynia. While
intriguing, our findings must be interpreted cautiously and in light of multiple caveats.
Several lines of evidence suggest that Aβ-LTMRs do contribute to mechanical allodynia
in neuropathic contexts(Xu et al., 2015). So how can we reconcile our findings with the
existing body of evidence?

2.4.1 Type and Number of LTMR
First, not all Aβ-LTMRs are accessed in the Vglut1-ChR2 mouse; ~50% of largesized DRG neurons are not labeled by ChR2-EYFP and thus are not activated by
photostimulation. Similarly, the incomplete overlap of ChR2-EYFP with Vglut1 and Tlr5
mRNA further corroborates that there are Aβ-LTMRs that are not accessed. Thus, our
findings can only be applied to Vglut1-ChR2+ sensory neurons and not Aβ-LTMRs
categorically. The remaining Aβ-LTMRs that do not express ChR2-EYFP in the Vglut1ChR2 mouse may be necessary to effect pain-like behaviors in the setting of injury.
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Alternatively, it may be that activation of only a single subtype of Aβ-LTMR, either RAor SA-Aβ-LTMR, is needed to produce nociceptive behavior, and simultaneous coactivation of these two classes may actually interfere with one another; one class may be
pro-nociceptive but the other could be anti-nociceptive, canceling one another and
leading no net nociception.

2.4.2 Natural vs Optogenetic Stimulation
In our study, neuropathic animals exhibited clear differences in their response to
natural punctate mechanical stimulation (von Frey fibers) but not to optogenetic
stimulation. Thus, it is useful to consider the differences between natural and
optogenetic stimulation and how that would affect behavioral outcomes. First, it is likely
that the neuronal ensembles engaged by natural and optogenetic stimulation are not
entirely overlapping. With optogenetic stimulation, only Vglut1-ChR2+ LTMRs are
engaged, whereas with natural mechanical stimulation, an ensemble comprised of
multiple kinds of LTMRs and nociceptors may be engaged, leading to different
behavioral outputs. Alternatively, even if the same ensembles of sensory neuron are
engaged by mechanical and optogenetic stimuli, they would not be expected to produce
the same firing patterns, which convey critical information about the nature and
magnitude of the stimulus, leading to different perceptions. A natural mechanical
stimulus will selectively engage different subtypes of LTMR based on the qualities of the
stimulus, and that in turn will evoke firing patterns that are rapidly or slowly adapting.
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In contrast, our photostimulation protocol was applied using a constant train of light
pulses (2-10Hz) and broadly activated RA- and SA-Aβ-LTMRs simultaneously and
continuously. The disparity in firing patterns between natural and optogenetic
stimulation may underlie the different behavioral responses.

2.4.3 Behavioral Assays to Assess Pain-like Behaviors
To assess the effects of transdermally activating Vglut1-ChR2+ neurons we
measured reflexive paw withdrawal behaviors as well as real-time place aversion,
approaches that have been used in the majority of similar optogenetic studies of primary
sensory neurons (Iyer et al., 2016). With regard to withdrawal behaviors, our expectation
was that, in the setting of nerve injury, either the number or character of the paw
withdrawal behaviors would be altered. Similarly, since natural innocuous tactile
stimuli can produce real-time aversion in the context of a sensitizing insult(Pratt et al.,
2013), we also supposed that activating Vglut1-ChR2+ neurons would produce aversion.
We did not observe these expected outcomes. One explanation is that the behavioral
assays that we used in this study may not have captured the true perceptual state of the
animal, resulting in false-negative findings. That is, activation of Vglut1-ChR2 neurons
may truly have been causing a painful perception during stimulation, but the features
we measured were not able to report on that perceptual state. Indeed, a recent report by
Abdus-Saboor et al. used high speed (1000 frames per second) video to analyze paw
withdrawal responses to natural and optogenetic stimuli and found that the features
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that most strongly distinguished withdrawal to noxious stimuli from innocuous stimuli
were paw height, paw velocity, and a composite “pain score”, features that we were
unable to measure in this study(Abdus-Saboor et al., 2018). In a similar vein, it may be
the case that the relevant behavioral features or ‘syllables’ that reflect the true
underlying pain state are unrelated to anything we measured, and instead should be
discerned using unsupervised analysis, similar to the approach by Wiltchko et al.
(Wiltschko et al., 2015). Future studies applying these advanced behavioral methods to
Vglut1-ChR2 mice may lead to different conclusions than the ones we reached in this
study.

2.4.4 Comparison to Other Optogenetic Studies of LTMRs in Pain
While preparing this manuscript, two studies were published that also examined
the contribution of Aβ-LTMRs in pathological pain using optogenetics (Dhandapani et
al., 2018). Dhandapani et al. used a mouse expressing tamoxifen-inducible Cre
recombinase in frame with TrkB (TrkB-CreERT2) to access a mixed population of PSNs
comprised of Aβ RA-LTMRs and Aδ-LTMRs (D-hairs). They showed that in the SNI
model, TrkB-ChR2 mice showed increased response frequency at POD7 compared to
baseline along with the appearance of nocifensive responses to light (e.g. licking,
prolonged lifting). Using toxin-mediated ablation, they also showed the necessity of
TrkB+ neurons for allodynia-like behaviors in the SNI model. We saw neither increased
numbers of responses nor the appearance of nocifensive (i.e. affective-motivational)
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behaviors at POD7 in the SNI model using similar stimulation conditions. One likely
explanation for the different behavioral findings in our study is that Vglut1-ChR2 does
not access the neuronal population that caused the pain-like behaviors in the
Dhandapani study. While both TrkB-ChR2 and Vglut1-ChR2 label Ret+ Aβ RA-LTMRs,
the Vglut1-ChR2 population does overlap with the large majority of high-expressing
TrkB+ neurons (𝑇𝑟𝑘𝐵IJKL ), which are most likely Aδ-LTMRs(Usoskin et al., 2014). Light
stimulation of the sural territory inevitably shines on some hairy skin since the
boundary between hairy and glabrous skin lies in this area. Thus, photostimulation of
TrkB+ Aδ-LTMRs may have occurred, giving rise to pain-like responses. Thus, by
subtraction, it is reasonable to suggest that Aδ-LTMRs mediated the positive pain-like
behaviors in the Dhandapani study in the SNI model. If true, our study complements the
findings from the Dhandapani study and suggests further refinement as to which
population of LTMR is sufficient to elicit pain-like behaviors in nerve injury-induced
neuropathy.
Similarly, a study from Tashima et al. used an optogenetic approach to test the
contribution of Aβ-LTMRs to pain-like behaviors in nerve injury-induced
neuropathy(Tashima et al., 2018). They used a transgenic rat that expresses ChR2
broadly in non-nociceptive sensory neurons, some of which are Aβ-LTMRs, under the
control of the Thy1 promoter(W-TChR2V4) (Ji et al., 2012). They showed that in rats that
received unilateral peripheral nerve injury (Spinal Nerve Transection model),
photostimulation elicited pain-like behaviors on the ipsilateral paw but not on the
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contralateral paw. They also showed that injured rats exhibited light-evoked place
aversion, but naive rats did not. How to explain the discrepancy? First, light-evoked
withdrawal in the uninjured paw “produced no reaction or only mild movement
without any lifting or flinching behaviors” (Tashima et al., 2018), which presumably
would also be true in naive animals. Accordingly, because the basal light-evoked
behavior is a non-response, the changes that occurred on the injured paw were readily
apparent and distinct. In contrast, in our study, even at the lowest intensity (1
mW/mm2), the animals showed responses, and at the higher intensities (5-10 mW/mm2)
they almost always responded, making it more challenging to see differences due to
perturbations. Another key difference is the stimulation paradigm used by Tashima et
al. They used relatively long pulse widths (500 ms) at very low frequency (0.1 Hz),
whereas we used 5-10ms pulse widths and 1-10Hz pulsed stimulation, in line with most
other studies looking at peripheral optogenetic stimulation. We selected this stimulation
protocol because it has been shown that continuous light causes ChR2 to desensitize
(Nagel et al., 2003) and that long pulse-widths (>50 ms) can silence many kinds of
neurons by inducing depolarization block. Indeed, we confirmed this using whole-cell
patch-clamp in DRGs from Vglut1-ChR2 mice in vitro using constant light, where only a
single action potential was elicited at the onset of illumination followed by a constant,
subthreshold depolarization. The nature of the electrophysiological effects in vivo caused
by 500 ms pulses in the study by Tashima et al. are uncertain, but likely differed from
ours. This difference may account for the divergent findings. Also, as mentioned for the
67

Dhardapani study, the populations of neurons accessed in the W-TChR2V4 rat may
differ substantially from our Vglut1-ChR2 mouse. Furthermore, species differences (i.e
rat vs. mouse) or differences in nerve injury model (SNI vs. SNT) could account for our
different findings. Regardless, this important study by Tashima et al. definitively
demonstrated that a non-nociceptive population of LTMR can produce pain-like
behaviors in specific contexts. Understanding and defining those contexts will be an
important area of future investigation.
Despite these limitations, our study makes several important contributions. The
Vglut1-ChR2 mouse, as well as the Vglut1-Cre_ driver used to generate it, will be
broadly useful for the study of pain and touch. The Vglut1-ChR2 could be used to study
the contribution of LTMRs in other pain conditions not tested here (e.g. inflammatory).
And the Vglut1-Cre line can be used to express other opsins, fluorophores, or for the
conditional manipulation of native genes. The intensive behavioral characterization we
performed sheds light on the different behavioral signatures of non-nociceptive and
nociceptive neuronal activation, and highlights the importance of measuring features
beyond just paw lifting, which is a seemingly universal response across optogenetic
mouse lines(Iyer et al., 2016). The RT-PEA assay that we adapted expands the arsenal of
ways that one can use transdermal optogenetics to study pain, and will be useful in the
study of other optogenetic lines. And, at least in the case of the SNI model, our findings
refine our understanding of the contribution of Aβ-LTMRs to neuropathic pain.
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3 Cell Type-Specific Transcriptional Profiling of PainRelated Dorsal Horn Interneurons
3.1 Introduction2
Mechanical pain is one of the chief symptoms in many pathological pain
conditions (Costigan et al., 2009b). Accordingly, understanding the spinal circuits
underlying this component of pain perception has been a central aim of preclinical pain
research(Peirs and Seal, 2016). Recent studies employing genetic tools to manipulate
specific spinal circuits have greatly expanded our understanding of this question(Cheng
et al., 2017; Duan et al., 2014; Francois et al., 2017; Peirs et al., 2015). It appears that other
sensory modalities such as thermosensation and innocuous touch were left undisturbed,
indicating that SST interneurons play a specific and restricted role. With the functional
role of SST neurons now well-established, it would be advantageous to comprehensively
characterize the repertoire of genes expressed by SST neurons, thus providing a basis for
their unique properties and highlighting potential targets for selective pharmacological
manipulation.
RNA-sequencing (RNA-seq) is a powerful tool to uncover the transcriptome of
cells and tissues. To date, gene expression studies of the dorsal horn have used RNA
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isolated from bulk spinal tissue, which represents a mixture of genes expressed by
multiple neuronal and non-neuronal cell types(LaCroix-Fralish et al., 2011). To examine
the transcriptional profile of a single neuronal population, isolating RNA solely from
those cells is necessary(Shin et al., 2014).
To access the transcriptome of specific cell types, various methods have been
developed. Dissociation of intact neurons from neural tissue coupled with fluorescence
activated cell sorting (FACS) has been used to profile neurons and glia in the CNS, but
this method requires relatively harsh protease treatments at warm temperatures, which
induces artifactual gene expression signatures due to processing(Adam et al., 2017;
Lacar et al., 2016; van den Brink et al., 2017).
To obviate the need to dissociate neural cells, a cell type-specific method called
Isolation of Tagged Nuclei from Specific Cell Types (INTACT) was developed (Mo et al.,
2015). In this method, nuclei conditionally express a fusion protein comprised of green
fluorescent protein (GFP) and the native nuclear membrane protein SUN1(Lei et al.,
2009). Tagged nuclei can then be captured either by immunoprecipitation or
fluorescence activated nuclear sorting (FANS) for downstream genomic analysis. The
INTACT method has many benefits. Nuclei are readily obtained from fresh or frozen
tissue at cold temperatures by simple mechanical homogenization, which eliminates the
concern of processing artifacts and offers the unique possibility to use post-mortem
human samples(Lake et al., 2016). Because intercellular connections are destroyed by
mechanical dissociation, biases toward specific cell types due to viability or
70

cytoarchitecture are greatly minimized(Lacar et al., 2016). Moreover, it has been
demonstrated that the transcriptional signature of nuclear RNA is highly concordant
with that of whole cells (Lake et al., 2017).
In this study, we optimized INTACT for use on spinal cord tissue to profile the
transcriptome of dorsal horn SST neurons. We determined the expression levels of >
13,000 genes, 901 of which were significantly enriched in the SST population compared
to all dorsal horn cells. Using in situ hybridization and immunohistochemistry, we
validated the expression of several novel and highly enriched genes in SST neurons that
could make attractive therapeutic targets. Furthermore, we show the SST population is
transcriptionally heterogeneous and contains multiple subpopulations.

3.2 Methods
3.2.1 Animals
All the animal procedures were approved by the Institutional Animal Care and
Use Committee of Duke University. Animal experiments were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. Mouse strains used
included Sst-IRES-Cre(Jax#013044) and R26-CAG-LSL-Sun1-sfGFP-Myc(Mo et al., 2015)
(Jax # 021039). We refer to this line as Sun1-GFP(fl/fl). To generate SSTGFP mice,
homozygous Sst-ires-Cre males were bred with homozygous Sun1-GFP(fl/fl) females to
create compound heterozygous offspring, which were used in all subsequent
experiments. To generate control animals for comparison to SSTGFP, we bred
homozygous Sun1-GFP(fl/fl) with C57BL6/J mice to obtain offspring with Sun1-GFP(fl/+)
71

genotypes. For some immunohistochemistry of CAR12, we used spinal cord tissue from
SST-Tomato mice, which is the product of a cross between homozygotes of the Sst-iresCre line and Cre-dependent tdTomato reporter line Ai9 (Jax# 007909) (Madisen et al.,
2010). For RNA-seq and microscopy experiments, male mice 8-12 weeks of age were
used. Nuclei isolation and Fluorescence Activated Nuclear Sorting (FANS)

3.2.2 Immunohistochemistry and In situ hybridization
Animals were deeply anesthetized with isoflurane and transcardially perfused
with 4% paraformaldehyde in phosphate-buffered saline (pH 7.4). After perfusion,
lumbar spinal cord segments (L3-L5) were removed and postfixed in the same fixative
for 2 hours at 4ºC. Then, the tissues were cryopreserved in 30% sucrose/PBS solution for
at least 24 hours. For immunohistochemistry (IHC), tissues were blocked in
blocking/staining buffer consisting of 1X PBS (Life Technologies), 1% Bovine Serum
Albumin (BSA, Cell Signaling Technologies) and 0.4% Triton-X 100 (Bio-rad) for 1 hour
at room temperature (RT). After blocking, the sections were then incubated overnight
with primary antibodies diluted in blocking buffer at 4ºC. After washing 3 times in PBS
for 5 minutes at RT, sections were incubated with the appropriate secondary antibody
for 1 hour at RT followed by 3 washes in PBS for 5 minutes. Before mounting, some
sections were counterstained with DAPI (Life Technologies). Slides were then mounted
in Prolong Gold (Life Technologies). Primary antibodies were used at the following
dilutions: chicken anti-GFP (1:1000, Abcam, ab13970), goat anti-mCAR12 (1:500, R&D
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Systems,AF2345). Secondary antibodies were as follows: Cy3-conjugated anti-Goat Cy3
(1:1000, Jackson ImmunoResearch), Alexa 488-conjugated anti-Chicken (1:1000, Life
Technologies)
For in situ hybridization, lumbar spinal cord segments were dissected and postfixed for 2 hours at 4ºC. The spinal cords were cryo-sectioned to 14 um, thaw-mounted
onto Superfrost Plus (Fisher Scientific) slides, allowed to dry for 20 minutes at RT, and
then stored at -80C. In situ hybridization was performed using the RNAscope system
(Advanced Cell Diagnostics). Tissue pretreatment consisted of 30 minutes of Protease IV
at RT. Following pretreatment, probe hybridization and detection with the Multiplex
Fluorescence Kit v2 were performed according to the manufacturer’s protocol. Probes
included Mm-Sst-C1 (#404631), Mm-Sst-C2 (#404631-C2), Mm-Pde11a (#481841), MmCar12 (#429991), Mm-F2rl2 (#489591), Mm-Gpr26 (#317381), Mm-Nmur2 (#314111), MmGrp (#317861). In some cases, in situ hybridization was followed by IHC to visualize GFP
because the native GFP signal was destroyed by the RNAscope pretreatment. After the
RNAscope detection, the tissue sections were processed for IHC as indicated above to
reveal GFP fluorescence. Following ISH or combined ISH/IHC, slides were mounted
using Prolong Gold.
Fluorescence was detected using an epifluorescence microscope (Nikon Eclipse
NiE). Images were taken at 20x and 40x magnification with Z-stacks. Stacked images
were combined using the Maximum Intensity Projection function in the Elements
software (Nikon). For quantification, all images were taken using the same acquisition
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settings. Cell counts were performed on the entire dorsal horn for each marker. Three to
five sections were selected from 3-4 animals, and the counts from all sections for each
animal were averaged. Each first section was selected randomly, and each subsequent
section was at least 140 um apart, in order to avoid double-counting. For co-expression
quantification, all images in a set underwent the same image post-processing, with a
threshold uniformly set on each color channel. Images were processed and analyzed
using a custom script written in Matlab (Mathworks). Images were first thresholded
manually for each individual channel and the same thresholds were used for all samples
in the analysis. Tophat filtering was performed prior to watershed segmentation of the
DAPI channel in order to segment individual cells. Cells were determined to be positive
for a particular transcript if they contained any pixels above the set threshold within the
border defined by the DAPI channel. Images were prepared in Photoshop CC (Adobe).

3.2.3 Isolation of Tagged Nuclei from Specific Cell Types (INTACT)
A dorsal segment from the L3-L5 region from each SSTGFP or Sun1-GFP(fl/+) mouse
was dissected using small spring scissors and snap frozen on dry ice for later processing.
On the day of experiment, the tissue segment was placed in 1 mL of Nuclear Extraction
Buffer (NEB) supplemented with RNase and Protease Inhibitors (20 mM Tris HCl pH 8,
5 mM MgCl2, 25 mM KCl, 250 mM Sucrose, 40 U/mL RNasin Plus (Promega), 1 tablet/10
mL Protease Cocktail Mini EDTA-Free (Roche), 1 µM DTT (Sigma), 0.3% NP-40 (Pierce)).
Dounce Homogenization (10 strokes Pestle A, 10 strokes Pestle B) was performed to
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liberate the nuclei using a 2 ml homogenizer (Sigma). The homogenate was filtered
through a 50 µm Partec filter (Sysmex) into a regular (not low-binding) 1.7 ml
microcentrifuge tube (Axygen), since low-binding tubes create loose pellets that are
easily displaced. The filter was washed with an additional 700 µl NEB and the
homogenate was then centrifuged for 10 mins at 4ºC (500g) to form a loose pellet. The
pellet was resuspended with 500 µl of NEB using a p1000 pipettor with regular-bore tips
and 10 aspiration/dispense cycles, and filtered through a 20 µm Partec filter into a 5 ml
polypropylene tube. DAPI (4’,6-diamidino-2-phenylindole) was added to the sample to
a final concentration of 5 ng/ml. We made several modifications to the INTACT
procedure by Mo et al. (Mo et al., 2015) to simplify the workflow and make the
procedure suitable for small spinal cord samples: (1) All volumes and vessels were
scaled down to accommodate the smaller size of a dorsal lumbar spinal segment from
mouse compared to cortex; (2) Density gradient separation (e.g. Iodixanol) was
removed, as we noticed it caused clumping of nuclei and added no additional benefit;
(3) FANS, as opposed to bead immunoprecipitation, was used in order to most
specifically and cleanly isolate the relatively low number of GFP+ nuclei in the dorsal
segment.

3.2.4 Fluorescence Activated Nuclear Sorting
FANS was performed using a BD FACSAria II sorter (BD Biosciences) using a
pressure of 35 pounds per square inch (psi) and a 100 µm sort nozzle. Gates were

75

established to capture singlet nuclei with high DAPI staining intensity. Side scatter (SSC)
and forward scatter (FSC) were first used to isolate singlet nuclei from debris and
multiplets. Then DAPI signal was used to separate additional debris from intact nuclei.
Nuclei were sorted into collection tubes using ‘purity’ mode to exclude any potential
multiplets. For SSTGFP, 5000 DAPI+/GFP+ events were sorted into 350 µl of RNAaqeous
Micro (Life Technologies) lysis buffer. For the total nuclei control sample from Sun1GFP(fl/+) mice, 5000 DAPI+/GFP- events were isolated in the same manner. FANS data
were analyzed using FlowJo 3.0 (FlowJo LLC). For each mouse line, n=3 samples were
isolated. Captured samples were placed on ice and immediately processed for RNA
isolation.

3.2.5 RNA-seq Library Preparation and Sequencing
RNA isolation was performed using the RNaqeuous Micro kit (Life
Technologies) according to the manufacturer’s instructions. DNase digestion was not
performed at this step since the downstream library preparation included a DNase step.
For library preparation, all samples were processed at the same time using the SoLo
RNA-Seq kit (NuGen Technologies) according to the manufacturer’s instructions in a
PCR-clean laminar flow hood. For the PCR amplification step, 17 cycles were used, as
this was the optimal number of cycles determined in a prior qPCR optimization assay
according to the manufacturer’s instructions. Library concentration was assessed with
the Qubit 2.0 fluorometer and dsDNA HS assay (Life Technologies), checked for quality
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on the Bioanalyzer (Agilent) and then run on the HiSeq 2500 (Illumina) using a 50 basepair, single-end read protocol.

3.2.6 Bioinformatic Analysis
RNA-seq data was processed using the TrimGalore toolkit which employs
Cutadapt to trim low quality bases and Illumina sequencing adapters from the 3’ end of
the reads. Only reads that were 20nt or longer after trimming were kept for further
analysis. Reads were mapped to the GRCm38v68 version(Kersey et al., 2016) of the
mouse genome and transcriptome using the STAR RNA-seq alignment tool. Reads were
kept for subsequent analysis if they mapped to a single genomic location. Gene counts
were compiled using the HTSeq tool. For this analysis, we used the standard method of
only counting reads that mapped to known exons. Only genes that had at least 10 reads
in any given library were used in subsequent analysis. Normalization and differential
expression was carried out using the DESeq2 (Love et al., 2014) Bioconductor (Huber et
al., 2015) package with the R statistical programming environment. The false discovery
rate was calculated to control for multiple hypothesis testing.
Heatmap generation for function classes was performed using the pheatmap
package (R). Only coding genes with log2FC > 1, q-value < 0.01, coefficient of variation
(CV) < 65% and normalized counts > 20 were included. Pathway analysis was performed
using the Ingenuity Pathway Analysis program (Qiagen), using only upregulated genes
with q-value < 0.01 and log2FC > 1. Gene set enrichment analysis (Mootha et al., 2003)
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was performed to identify differentially regulated pathways and gene ontology terms
for each of the comparisons performed. Up-regulated genes matching the inclusion
criteria above were analyzed using Ingenuity Pathway Analysis (Qiagen).
Gene lists for functional classes were curated from the IUPHAR database
(Southan et al., 2016), Neuropeptides Database, and Riken Transcription Factor
Database.

3.3 Results
3.3.1 INTACT labeling and capture of SST spinal interneurons
In order to specifically tag the nuclei of SST neurons in the dorsal horn, we
crossed the Sst-ires-Cre mouse line by the Cre-dependent INTACT reporter line, Sun1GFP. We hereafter refer to offspring of this cross as SSTGFP. In lumbar spinal cord
sections from these mice, GFP-labeled nuclei were present in the dorsal horn, with the
most abundant distribution in the superficial laminae (I-II) and some sparse expression
in the deeper dorsal horn (III-V) (Fig.12A), consistent with the previously reported
expression of SST interneurons in this region (Duan et al., 2014).
Combined immunostaining and in situ hybridization showed that that GFP+
nuclei co-localized extensively with native Sst mRNA expression (81.8% +/- 2.4%, n=5),
as well as with the neuronal marker NeuN, but not with GFAP or IBA1, markers of
astrocytes and microglia, respectively (Fig.12A). Staining with the nuclear dye DAPI
showed nuclear GFP signal localized at the periphery of the DAPI+ nucleus (Fig.12A,
Inset).
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Figure 12. Cell type-specific nuclear tagging and capture of SST neurons in the
spinal dorsal horn. (A) SSTGFP mice express the Sun1-GFP nuclear tag in SST
neurons in the lumbar dorsal horn (a). The GFP-tagged SST neurons co-localize with
the neuronal marker NeuN (red), but not with the microglial marker IBA1 (red) or the
astrocyte marker GFAP (blue). GFP+ (green) nuclei overlap extensively with native
Sst mRNA (red). (B) Schematic of overall experimental workflow. (1) The dorsal
segment from one side of the lumbar spinal cord is dissected. (2) Nuclei are liberated
by Dounce homogenization in nuclear lysis buffer. (3) Nuclei are then captured using
Fluorescence Assisted Nuclear Sorting. (4) The isolated RNA is processed for RNAseq. (C) GFP+/DAPI+ nuclear were captured from SSTGFP (left). No GFP+ nuclei were
present in Sun1-GFP(fl/+) control animals; all DAPI+ nuclei were captured.
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3.3.2 Transcriptional profiling of SST Interneurons reveals distinct
gene expression signatures
RNA-seq was performed on the libraries generated from spinal nuclei. The
average sequencing depth per sample was 25.8 million reads. We detected 13,342 genes
(coding and non-coding) using a normalized count cutoff of 10. Pearson correlation
hierarchical clustering indicated that the transcriptional profiles of the SSTGFP population
differed markedly from those of the total population (Fig.13A). To identify specific genes
enriched in SST neurons, we performed differential gene expression analysis, comparing
the SSTGFP profiles to those of the total nuclei. We observed 901 protein-coding,
differentially expressed genes (DEGs) with a log2-fold change (log2FC) > 1, counts >
20, and an adjusted p-value (q-value) < 0.01. SST neurons were greatly depleted of glial
markers such as Aldh1l1, Cx3cr1 and Mog, representing astrocytes, microglia and
oligodendrocytes, respectively (Fig.13B). Among the top 50 DEGs (Fig.13C), numerous
genes with known expression in the dorsal horn and roles in nociception were detected,
supporting the validity of both the technique and our results. Examples of known pain
and dorsal horn genes include Nmur2, Nmu, Tlx3, Prrxl1, Tac1, Lmx1b, Prkcg, Cacna2d1
and Grp (LaCroix-Fralish et al., 2007). Numerous novel genes without previous
description in the dorsal horn also appeared among the top 50 DEGs in SST neurons,
several of which we validated and describe below.
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Figure 13. Differential Gene Expression in SST Neurons. (A) Hierarchical
clustering of SST neurons and total dorsal horn nuclei reveals widely divergent gene
expression patterns. Color scale indicates Z-score of normalized expression values. (B)
Non-neuronal markers are depleted from SST neurons. Ast. = Astrocytes, Micro.=
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Microglia, Oligod. = Oligodendrocytes. In the left heatmap, the expression level in
each sample is normalized by the maximum expression level in the row (Norm.
Expression). The right heatmap shows the log2-Fold Change (log2FC), -log10 of the qvalue (adjusted p-value) and the log2 of the maximum value of counts for each gene
plus a pseudocount of 1 (maxCount). Note: Positive values for log2FC indicate
enrichment in SST compared to Total, while negative values indicate enrichment in
Total compared to SST. (C) Top 50 Differentially Expressed Genes in SST neurons.
Genes are ordered by log2FC value from highest to lowest. Criteria for inclusion of
genes: log2FC > 𝟏, q-value < 𝟎. 𝟎𝟏 and CV < 𝟔𝟓% and a minimum of 20 counts for all
samples.
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3.3.2.1

Functional classes of genes expressed by SST neurons
To further examine enrichment of genes that are pharmacologically tractable, we

grouped DEGs into relevant functional classes (Fig. 14).
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Figure 14. Enrichment of Genes from Selected Functional Classes in SST
Neurons. Differential expression of genes in SST neurons compared to total dorsal
horn nuclei grouped by functional classes. For each class, in the left heatmap, the
expression level in each sample is normalized by the maximum expression level in
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the row (Norm. Expression). The right heatmap shows the log2-Fold Change (log2FC),
-log10 of the q-value (adjusted p-value) and the log2 of the maximum value of counts
for each gene plus a pseudocount of 1 (maxCount).
3.3.2.1.1 Enzymes
Prkcg encodes for Protein Kinase C gamma isoform 𝑃𝐾𝐶𝛾, which marks a class of
excitatory interneuron involved in mechanical allodynia and contributes to the
intracellular signaling cascade that underlies this role (Neumann et al., 2008). Previous
histological studies have shown that 𝑃𝐾𝐶𝛾 colocalizes with approximately one-third of
SST-expressing interneurons in lamina I-II (Gutierrez-Mecinas et al., 2016). Consistently,
Prkcg is one of the most highly enriched enzymes and is among the top 50 DEGs overall
(+1.9 log2FC) in SST neurons.
Mme encodes for membrane metallo-endopeptidase, also known as neprilysin,
which has been implicated in pain processing via its role in the breakdown of
enkephalins and other peptides (Krämer et al., 2009) In situ hybridization studies
showed strong and specific expression in the superficial (laminae I-II) dorsal horn of the
rat, but more precise characterization of its expression is lacking (Facchinetti et al., 2003).
Our results here indicate that Mme is enriched in SST neurons (+2.0 log2FC).
Within the enzyme class, we also discovered several novel targets with no
previously described role in pain or expression in the dorsal horn.
Car12 encodes for Carbonic Anhydrase 12, which is a membrane spanning
carbonic anhydrase whose catalytic domain faces the extracellular space 38. In the Allen
Brain Atlas (ABA) Car12 mRNA is present in several brain regions, with the highest
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expression in the striatum and hippocampal formation (Sunkin et al., 2012), and the
Human Protein Atlas (HPA) shows CAR12 most abundantly in the skin, bone marrow,
kidney, gastrointestinal tract and kidney (Uhlén et al., 2015). A recent large scale singlecell RNA-seq study in the visual cortex identified Car12 as a unique marker of Layer 6
cortical neuron subtype (Tasic et al., 2016), but apart from this, virtually nothing is
known about the expression and function of Car12 in the spinal cord .
To validate the expression of Car12, we performed both in situ hybridization and
immunostaining. In situ hybridization showed strong expression of Car12 transcripts
exclusively in the superficial dorsal horn that co-localized extensively with Sst transcript
as well as GFP+ nuclei (Fig.15A). Nearly half of all cells expressing Sst transcript
expressed Car12 (46.9% ± 0.7%, n=5), and the majority of Car12-expressing neurons
expressed Sst (69.2% ± 0.1%, n=5). 42.7% ± 2.1% of GFP+ neurons co-expressed both
Car12 and Sst mRNA. Because Car12 is an extracellular carbonic anhydrase (ECA), it is
expected to localize to the plasma membrane of the cells in which it is expressed. To
better visualize the somata of SST neurons, we employed an SST-Tomato mouse, which
expresses cell-filling tdTomato (Duan et al., 2014). Immunostaining with an antibody
against mouse CAR12 showed CAR12-immunoreactivity (CAR12-IR) localized on the
membrane of SST-Tomato neurons in superficial laminae, consistent with the findings
for Car12-mRNA (Fig.15A) and its known function as an extracellular-facing enzyme.
Phosphodiesterase 11A (PDE11A) is a dual specificity phosphodiesterase that
catalyzes the breakdown of the cyclic nucleotides cyclic adenosine monophosphate
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(cAMP) and cyclic guanosine monophosphate (cGMP). PDE11A exhibits restricted
expression in the brain of mouse, predominating in the ventral hippocampus(Kelly et al.,
2010). Protein analysis of bulk tissue from mouse spinal cord and dorsal root ganglia
(DRG) detected PDE11A but did not specify the cell type (Kelly, 2015). In humans,
PDE11A mRNA is found most abundantly in the prostate and spinal cord according to
the GTEx database(Carithers et al., 2015).
Knockout studies of PDE11A have implicated this gene in regulating social
behaviors and anxiety(Hegde et al., 2016). In the dorsal horn, cyclic nucleotide signaling
contributes to pain-related neuronal plasticity, and other members of the
phosphodiesterase family have been directly implicated in the pathogenesis of
inflammatory and neuropathic pain(Kallenborn-Gerhardt et al., 2014). Accordingly, we
selected Pde11a for further examination. In situ hybridization of Pde11a transcript
revealed a strong and specific signal that predominated in the superficial laminae (Fig.
15B). Half of all Sst-expressing neurons co-expressed Pde11a (50.8% ± 1.3, n=3), and
conversely, nearly two-thirds of Pde11a-expressing neurons co-expressed Sst mRNA
(64.2% ± 1.9%, n=3). More than half of all GFP+ nuclei in the dorsal horn co-localized
with both Pde11a and Sst mRNA (55.8% ± 3.0%, n=3).
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Figure 15. Expression of the novel genes Car12, Pde11a and F2rl2 in SST
neurons in the dorsal horn. (A) Car12 (red) in situ hybridization in the dorsal horn at
low magnification (20x). Scale = 50 𝝁𝒎. High magnification (40x) image of GFP ,
Car12, Sst and merge. DAPI (blue) in images. Scale = 10 𝝁𝒎. Immunohistochemistry
of CAR12-IR, SST-Tomato and Merge at magnification (20x).Scale = 50 𝝁𝒎. High
magnification (40x) image of SST-Tomato and CAR12-IR. Scale = 𝟏𝟎𝝁𝒎. White arrows
indicate cells with tdTomato and CAR12-IR co-localization. White asterisk indicates
tdTomato+ cells that lack CAR12-IR and black asterisk indicates a CAR12-IR+ without
tdTomato. (B) Pde11a (red) in situ hybridization in the dorsal horn at low
magnification (20x). Scale = 𝟓𝟎𝝁𝒎. High magnification (40x) image of GFP , Pde11a,
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Sst and Merge. DAPI (blue) in images. Scale = 𝟏𝟎𝝁𝒎. (C) F2rl2 (red) in situ
hybridization in the dorsal horn at low magnification (20x). Scale = 𝟓𝟎𝝁𝒎. High
magnification (40x) image of GFP, F2rl2, Sst and Merge. DAPI (blue) in images. Scale
= 10 𝝁𝒎.
3.3.2.1.2 Transcription Factors
Transcription factors are responsible for the specification of neuronal
identity(Ma, 2006). Much work has been conducted on the role of specific transcription
factors in the development of dorsal horn neurons involved in pain and itch (Xu et al.,
2013). Nearly all of the well-studied transcription factors that specify excitatory
interneuron development were enriched in SST neurons, including Tlx3, Lmx1b, Prrxl1,
Sox5, and Ebf1-3 (Chen et al., 2001), in support of the biological accuracy of our RNA-seq
results. Enriched transcription factors without known functions in dorsal horn
interneurons included Myocd (+3.5 log2FC), Glis1 (+2.0 log2FC) and Ldb2 (+1.7 log2FC)
(Li et al., 2006). In addition, a zinc-finger-containing protein, Basonuclin 2 (Bnc2) was
among the most highly enriched genes overall. While not a classical transcription factor,
by virtue of its zinc finger domain and nuclear localization signal, Bnc2 regulates
transcriptional events(Vanhoutteghem et al., 2016). A recent report that used a LacZ
reporter mouse demonstrated that in the central nervous system, Bnc2 is only expressed
in a small subset of dorsal horn cells (Vanhoutteghem et al., 2016), which is consistent
with our transcriptomic results.
3.3.2.1.3 G-Protein Coupled Receptors
G-protein coupled receptors (GPCRs) are one of the most important classes of
drug targets, making up nearly half of all human drug targets(Bull and Doig, 2015).
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GPCRs play diverse roles in neurons, functioning prominently as neurotransmitter and
neuromodulator receptors(Huang and Thathiah, 2015). Numerous GPCRs that have
been implicated in pain processing in the spinal cord were significantly enriched in the
SST population, including Nmur2, Galr1, Npy1r, and Cckbr. In support of our
transcriptomic results, previous reports have shown that Galr1 and Npy1r are
preferentially expressed in excitatory dorsal horn neurons under the control of Tlx3(Guo
et al., 2012). Interestingly, two members of the muscarinic acetylcholine receptor family,
Chrm4 (+2.1 log2FC) and Chrm5 (+2.1 log2FC), were also significantly enriched.
Nmur2 is one of two G-protein coupled receptors that bind to the pleotropic
neuropeptide neuromedin (NMU). Knockout studies of NMUR2 demonstrated that this
receptor contributes to nociception(Torres et al., 2007). Injection of intrathecal NMU
enhances synaptic transmission as measured by electrophysiological studies, and
produces mechanical and thermal hyperalgesia in behavioral assays. Apart from its
presence in the dorsal horn, further characterization of the neurons that express Nmur2
has not been performed. As the third most enriched gene in our top 50 DEGs, Nmur2 is
one of the more distinctive genes observed, suggesting that it is uniquely expressed by
SST neurons. Using in situ hybridization, we found Nmur2 to be expressed nearly
exclusively in SST neurons (Fig.16A). As with other genes we examined, only a portion
of the Sst-expressing neurons co-express Nmur2, indicating that these neurons are a
unique subpopulation within the broader SST neurons.
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We also identified several novel GPCRs whose presence in the dorsal horn has
not been described.
F2rl2 encodes for the protein PAR3, which is a G-protein coupled receptor in the
family of Protease Activated Receptors (PARs), of which there are four (PAR1-4) (Saito
and Bunnett, 2005). As their names suggest, PARs are activated when proteases such as
thrombin or trypsin cleave a portion of the receptor, creating a tethered ligand that then
acts as an intramolecular agonist for the receptor. PAR1, 2 and 4 have all been
implicated in pain, with PAR2 being the most well-studied(Mrozkova et al., 2016; Tillu
et al., 2015; Vellani et al., 2010). PAR3’s function, however, remains elusive, with neither
the ligand nor mode of action of this receptor known. PAR3 mRNA in humans is present
in the brain, particularly the hypothalamus, and outside the CNS it is found most
abundantly in gastrointestinal tissues according to the GTEx database(Carithers et al.,
2015).
In light of the role of the other PARs in pain and itch, the enrichment of PAR3 in
SST neurons is suggestive. Thus, we confirmed the expression of F2rl2 mRNA by in situ
hybridization (Fig.15C). F2rl2 mRNA strongly expresses in the superficial dorsal horn
and co-localizes with the majority of Sst-expressing neurons in the dorsal horn (59.6% +/2.0%, n=5). More than half of all F2rl2-expressing neurons also express Sst mRNA (57.1%
+/- 0.8%, n=5). Future functional studies using knockout mice or pharmacological tools
will be needed to determine the role of this gene in spinal nociception.
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Gpr26 is an orphan G-protein coupled receptor that is coupled to Gs and for
which an endogenous ligand is not known(Khan and He, 2017). Studies with Gpr26
knockout mice have implicated this receptor in anxiety, depression-like behaviors and
obesity, but no known role in pain is known (Zhang et al., 2011). As one of the most
enriched GPCRs (+1.9 log2FC) and one of top 50 DEGs, we examined the expression of
Gpr26 using in situ hybridization. We found this receptor broadly expressed in the
dorsal horn, and co-localized with a subset of SST neurons (Fig.16B).

Figure 16. Expression of the G-protein Coupled Receptors Nmur2 and Gpr26 in
the dorsal horn. (A) Nmur2 (red) in situ hybridization in the dorsal horn at low
magnification (20x). Scale = 𝟓𝟎𝝁𝒎. High magnification (40x) image of Nmur2, Sst and
Merge. DAPI (blue) in images. Scale = 𝟏𝟎𝝁𝒎. (B) Gpr26 (red) in situ hybridization in
the dorsal horn at low magnification (20x). Scale = 𝟓𝟎𝝁𝒎. High magnification (40x)
image of Gpr26, Sst and Merge. DAPI (blue) in images. Scale = 𝟓𝟎𝝁𝒎.
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3.3.2.1.4 Kinases
Kinases play key roles in intracellular signaling cascades and are frequent targets
for pharmacological modulation. Several kinases were enriched in the SST population.
Prkcg, which has a known role in pain, was the most highly enriched and most
distinctive. Other moderately enriched kinases include members of the Calciumcalmodulin Kinase family (Camk2a and Camk2b), cyclic-GMP-dependent kinase family
(Prkg1 and Prkg2) and Mitogen Activated Protein Kinase family (Mapk4).
3.3.2.1.5 Ion Channels
Our RNA-seq results uncovered several previously described ion channels that
express in the dorsal horn. Trpc3 is a TRP channel family member that has been shown
to be enriched in the dorsal horn, but no further investigation has characterized its
localization or function in spinal neurons(Li et al., 2006).
Among previously uncharacterized ion channels, the Kcng2 channel was the
most highly enriched in SST neurons. Kcng2 encodes a gamma subunit of the Kv6 family
of voltage-gated potassium channels (Kv6.2). Little is known about the functional role of
Kcng2. It is highly expressed in myocardial tissue, and so a role in cardiac function has
been proposed (Zhu et al., 1999), but no study of Kcng2 has been conducted in the
nervous system. Kcng2 is enriched in SST neurons (+2.3 log2FC) compared to all cells in
the dorsal horn.
3.3.2.1.6 Neuropeptides
Neuropeptides play key roles as neuromodulators and often define different
populations of neurons, such as is the case with Sst. We found several neuropeptides to
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be enriched in SST neurons. Many of these neuropeptides have been identified and
investigated in the dorsal horn, including Tac2, Grp and Sst [GutierrezMecinas:2014cy;
Mar:2012hf]. As expected, the defining neuropeptide, Sst is enriched (+1.8 log2FC). Also,
in further support of our methodology, the neuropeptide Pdyn, which is exclusively
expressed by inhibitory dorsal horn neurons (Kardon et al., 2014), was strongly depleted
in SST neurons (-3.8 log2FC).
The neuropeptide Neuromedin U (NMU) is encoded by the Nmu gene and exerts
wide-ranging effects both in the periphery and CNS. NMU is abundant in the spinal
cord and knockout of Nmu in the mouse produces large deficits in the hot plate and
formalin tests. Exogenous NMU enhances nociceptive behaviors, including mechanical
sensibility. The cellular expression profile of Nmu in the spinal cord is unknown. Our
RNA-seq data indicate that Nmu is enriched (+2.5 log2FC) in SST neurons, suggesting
that some SST neurons use this neuropeptide in nociceptive signaling. As we
demonstrated, the receptor for NMU, Nmur2, was also highly enriched in a subset of Sstexpressing neurons in the superficial dorsal horn (Fig.16A).
Tac2 encodes the neuropeptide Neurokinin B(Gutierrez-Mecinas et al., 2016).
Tac2 was highly enriched in the SST population. This neuropeptide has been identified
in dorsal horn neurons and found to overlap in part with PKC𝛾-expressing neurons,
some of which are also Sst-expressing (Mar et al., 2012). However, toxin-mediated
ablation of the Tac2-lineage neurons in the spinal cord did not affect mechanical pain
behaviors(Duan et al., 2014), in contrast to the dramatic effect of ablation of the SST
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neurons. This indicates that the subset of SST neurons that expresses Tac2 is dispensable
for mechanical pain behaviors. What role these Tac2/Sst co-expressing neurons plays in
pain remains to be determined.
Grp encodes the Gastrin Related Peptide (GRP), a neuropeptide that has been
well-studied for its role in itch transmission in the dorsal horn(Mishra and Hoon, 2013).
Recent work has demonstrated that GRP is expressed by a subset of dorsal horn
interneurons and is used for pruriceptive transmission. Moreover, it is known that these
GRP-expressing interneurons co-express the Natriuretic Peptide Receptor A (Npr1) and
release GRP when NPR1 is activated by its cognate ligand Natriuretic Polypeptide B
(Nppb) (Mishra and Hoon, 2013). Our RNA-seq data indicate that both Grp (+2.5 log2FC)
and Npr1 (+2.0 log2FC) are enriched in SST neurons, suggesting that the pruriceptive
Grp+/Npr1+ population is subsumed in the SST population. Consistently, a recent study
demonstrated that optogenetic activation of SST neurons in the dorsal horn elicited
strong light-induced itch behaviors(Christensen et al., 2016). Another study used a
chemogenetic approach to manipulate Grp-expressing spinal neurons and found that
this population mediates both pain and itch in an intensity-dependent manner78.
3.3.2.1.7 Additional Genes
Other genes with high enrichment and relatively high counts appeared that do
not fall into the functional classes described above (Table 1). Bmp3 encodes Bone
Morphogenetic Protein 3, which is a secreted ligand of the TGF-𝛽 family. Bmp2, Bmp4
and Bmp7 play critical roles in the specification of dorsal spinal neurons, but no role for
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Bmp3 has been described, although the expression of BMP3 in the adult dorsal horn by
immunohistochemistry has recently been described (Yamashita et al., 2016). As a
secreted ligand, BMP3 may function in intercellular signaling in the dorsal horn.
Cpne5 and Cpne8 encode for Copine 5 and Copine 8, respectively. Copines are a
family of calcium-dependent phospholipid-binding proteins. Copine 6 has been shown
to regulate excitatory synapses in the hippocampus by translating calcium signals into
changes in dendritic spine structure through Rac1 recruitment 80. Copine 5 and Copine 8
may function analogously in regulating the excitatory synapses of SST neurons in the
dorsal horn and warrant further study.
3.3.2.2

Pathway Analysis
Genes that participate in functional pathways are often coordinately expressed.

To determine whether known signaling pathways are enriched in SST neurons, we
applied Ingenuity Pathway Analysis. Using the same selection criteria as for single
genes (𝑞 < 0.01, log2FC > 1), we identified several enriched pathways and ranked them
by their statistical significance (Fig.17A). Top among the pathways was “Neuropathic
Pain in Dorsal Horn Neurons”, which is consistent with the known role of SST neurons
in neuropathic pain models. The next identified pathway was cAMP-mediated signaling
followed by “nNOS signaling in neurons” and “G-Protein Coupled Receptor signaling”.
To complement the Ingenuity analysis, we also applied Gene Set Enrichment Analysis
(GSEA), which is used to identify coordinate changes in the expression of groups of
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functionally related genes(Mootha et al., 2003). From this analysis, the top gene set was
Voltage Gated Calcium Channel Activity, followed by Neurotransmitter Receptor
Activity and Calcium Channel Activity(Fig.17B). These gene set enrichments suggest
that calcium signaling is particularly important in the SST neurons.
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Figure 17. Pathway analysis and Gene Set Enrichment Analysis of SST
neurons. (A) Ingenuity Pathway Analysis reveals multiple enriched pathways in SST
neurons. Top axis = -log(p-value). Bottom axis = ratio of enrichment in canonical
pathway. Data were analyzed through the use of IPA (QIAGEN
Inc.,https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis).(B)
Gene Set Enrichment Analysis of SST neurons.
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3.4 Discussion
In this study we present a comprehensive transcriptomic profile of SST neurons
in the spinal dorsal horn of the mouse and identify several novel differentially expressed
genes that could be attractive therapeutic targets and population markers.
We optimized the INTACT method for spinal tissue in order to profile the
transcriptome of SST neurons in the dorsal horn. To our knowledge, this is the first
demonstration of cell type-specific transcriptomic profiling of a neuron population from
this region, and the first to use nuclei in lieu of cells. Our results show that neuronal
nuclei are suitable surrogates for whole cells for RNA-seq profiling of neuronal
populations of the dorsal horn, and thus this work represents an important technical
advance that will facilitate future interrogation of specific dorsal horn cell populations in
normal and pathological conditions (e.g. inflammatory or neuropathic models). Previous
gene expression profiling studies have looked at bulk RNA from spinal cord tissue in
such pathological pain models, and the resulting signatures are largely dominated by
immune and glial signal(Costigan et al., 2009a). The spinal cord-adapted INTACT
method we present here will allow researchers to better understand the transcriptional
plasticity of specific cell populations, especially smaller populations whose signal is
obscured by the averaging effects of bulk RNA-seq. Indeed, the novel genes we
identified in this study have gone unnoticed in previous genome-wide expression
studies(Li et al., 2006) perhaps because they comprise only a small fraction of transcripts
in bulk RNA from the spinal cord. By isolating a specific population from all
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surrounding cells, the signal of such population-enriched genes is unmasked. Moreover,
because nuclei carry both DNA and RNA, other genomic applications such as ATACSeq, ChIP-Seq or bisulfite sequencing could be profitably applied in tandem with RNAseq to elucidate pain-related epigenetic plasticity in a cell type-specific manner, which is
increasingly appreciated to play key roles in pathological pain (Denk et al., 2016)
Transcriptomic profiling of SST neurons with INTACT allowed us to identify
numerous genes that are enriched in these neurons in the dorsal horn. Some of these
enriched genes, such as Tlx3, Lmx1b, Pkcg, Tac2, Grp, Calb2, Ebf1-3, and Nmur2 were
already known to express preferentially in excitatory neurons of the dorsal horn, of
which the SST population comprises a large proportion (Gutierrez-Mecinas et al., 2016).
Our results overlap to a high degree with the catalog of dorsally enriched genes
identified through microarray screening by Li et al. (Li et al., 2006). Identification of these
known targets lends support for the overall biological validity of our findings.
The major aim of this work was to discover novel genes that are enriched in SST
neurons. Indeed, we report here several genes whose expression in the dorsal horn was
previously unknown and whose annotated functions make them attractive for
pharmacological intervention. Using in situ hybridization, we characterized the
expression of four novel genes that were highly enriched in SST neurons: Pde11a, Car12,
F2rl2. Our results show that each of these genes is expressed in a subset of Sstexpressing neurons in the superficial dorsal horn, with Pde11a and Car12 showing
particularly restricted expression in laminae I-II. Further studies using specific genetic
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and pharmacological tools will be needed to determine whether and how each gene
contributes to pain processing in Sst-expressing neurons.
By what mechanisms might these genes contribute to pain processing in SST and
other spinal neurons? As a dual-specificity phosphodiesterase, PDE11A has the ability to
modulate intracellular cAMP and cGMP levels by catalyzing their breakdown. Several
studies have found that cAMP is increased in the dorsal horn in the setting of
inflammation or injury and that inhibition of the cAMP pathway relieves pain
hypersensitivity (Miletic et al., 2002). The contribution of cGMP is equivocal, with some
studies show pro-nociceptive and others showing anti-nociceptive effects (Schmidtko et
al., 2009). Thus, PDE11A could either enhance or mitigate pain depending on context
and the net activity of other phosphodiesterases.
Although CAR12 has not been studied in the CNS, other extracellular carbonic
anhydrases (ECAs) such as CAR4 and CAR14 have been well-studied in the brain,
where they have been shown to modulate neuronal activity by regulating extracellular
pH (Svichar et al., 2009). In the hippocampus, several studies have shown that ECAs
regulate excitatory synaptic transmission via pH-mediated modulation of NMDA
receptor activation(Chen and Chesler, 2015). Given that the majority of the SST neurons
in the dorsal horn are excitatory, the distinct enrichment of Car12 in these neurons may
indicate that it regulates NMDA-mediated excitatory synaptic transmission in a manner
analogous to that observed in the hippocampus. Accordingly, activation of CAR12 could
inhibit pain by attenuating NMDA activity in SST+ excitatory neurons.
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F2RL2 is a GPCR coupled to the alpha subunit Gq, suggesting that this receptor
may modulate neuronal excitability via intracellular calcium signaling. Because it is
enriched in SST neurons in the superficial dorsal horn, it is conceivable that F2RL2
enhances the excitability of this population, and thus would be pro-nociceptive. But
several questions remain. What is the endogenous ligand of F2RL2? Does F2RL2 act
independently or does it require another PAR as a co-receptor? And is F2RL2 activation
alone sufficient to induce SST neuron firing or rather does it modulate the action of
glutamatergic excitatory transmission? The development of specific tools to manipulate
F2RL2 will enable answers to these questions.
Our findings highlight the transcriptional heterogeneity of the SST population
and suggest possible subpopulations. Among the most highly enriched genes are
markers for multiple neurochemically distinct excitatory neuron populations. In a
quantitative study of lamina I-III excitatory interneurons, Gutierrez-Mecinas et al.
demonstrated that the SST population subsumes three largely non-overlapping
excitatory populations defined by Grp, Tac2 and Nts, leading the authors to conclude
that SST broadly marks most excitatory interneurons of the superficial dorsal
horn(Gutierrez-Mecinas et al., 2016). Our RNA-seq findings are entirely consistent with
this study from Gutierrez-Mecinas and support the conclusion that the SST population is
comprised of multiple excitatory subpopulations. The restricted expression of Car12 and
Pde11a suggests that these genes define subpopulations of excitatory interneurons that
may be functionally and neurochemically distinct from other known subtypes. Nmur2
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also appears in a sparse and restricted population that may be distinct as well. Cre
driver lines under the control of these genes would be useful to explore the functional
role of these populations. In contrast, F2rl2 has broader expression, and likely marks
most or all excitatory interneurons lamina I-III. Accordingly, this GPCR would be better
suited as modulator of excitatory synaptic transmission rather than a specific marker.
In addition to looking at single genes we also applied pathway analysis to
uncover pathways and functional groups of genes enriched in SST neurons. Using
Ingenuity Pathway Analysis, we revealed that SST neurons exhibit enrichment in several
druggable pathways including cAMP-, nNOS- and GPCR-mediated pathways. Gene Set
Enrichment Analysis revealed an enrichment in calcium channel-related gene sets,
pointing toward calcium signaling as an important contributor to the functional
properties of SST neurons. Future work that manipulates these pathways as a whole will
be needed to understand their contributions to the functional properties of SST neurons.
Our results also highlight some of the limitations of cell type-specific profiling
using INTACT. While RNA-seq profiles from nuclei and cells have been shown to be
highly concordant, significant differences do exist(Grindberg et al., 2013). Specifically,
genes related to mitochondrial respiration are enriched in whole cells compared to
nuclei, while non-coding RNA and genes related to regulation of transcription and RNA
metabolic processes are enriched in nuclei (Grindberg et al., 2013). Moreover, the
agreement between cell and nuclear RNA depends on exonic gene length, which can
diminish the ability of nuclear RNA-seq to detect shorter transcripts (Lake et al., 2017).
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These differences should be considered when interpreting nuclear RNA-seq findings.
Another limitation is that INTACT and related cell type-specific methods rely on a
single Cre driver line to tag a cell population, the specificity of the readout depends on
the specificity of the Cre driver line. As we and others have demonstrated, the SST
population is internally heterogeneous, (Duan et al., 2014). Intersectional methods that
use two recombinases (i.e. Cre and Flp) driven by separate genes could be used with
INTACT to more precisely access the transcriptomic signatures of discrete dorsal horn
neuronal subtypes(Dymecki and Kim, 2007), but a new intersectional INTACT mouse or
viral vector would need to be generated. Lastly, when differential expression analysis is
the principal goal, as it was in this current study, consideration must be given to
experimental design and the choice of appropriate comparators. In this study, we
elected to compare the gene expression from GFP-tagged SST neurons to that of total
spinal nuclei from separate animals in order to examine enrichment of genes in the SST
population compared to the total pool of RNA in spinal cells. We chose this design in
order to minimize the potential for detecting genes that are broadly enriched in neurons
compared to glia, rather than specifically enriched in SST neurons, as might have
occurred if we used a depleted population (i.e. GFP-/DAPI+) as the comparison.
Accordingly, our results likely underestimate the true magnitude of enrichment of genes
in SST neurons and still cannot completely circumvent the possibility that some genes
identified in this study are markers of neurons as a whole and not specifically SST
neurons. An additional experimental caveat is that use of different strains for
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comparison may have influenced the differential gene expression results, since Sst-iresCre has been shown to affect the expression of some genes (Viollet et al., 2017). In future
studies, more specific comparisons could be made if, instead of using total spinal nuclei
for comparison, other Cre lines are used that mark specific neuronal populations (e.g.
Vgat, Vglut2, Nts, Pdyn, Penk, etc.). These considerations aside, INTACT is a powerful
and enabling technology for cell type-specific genomics in the spinal cord.
This study also demonstrates the general utility of nuclei as surrogates for cells in
the study of spinal cord transcriptomics. Single-cell genomics is revolutionizing our
understanding of cell types in the nervous system(Habib et al., 2017) and large
international efforts are now underway to comprehensively catalog the cells of the
mouse and human brain(Ecker et al., 2017). The spinal cord also stands to benefit greatly
from these efforts so that a comprehensive census of the neuronal and non-neuronal cell
types in the spinal cord can be determined. Indeed, single-nucleus RNA-seq (snRNAseq) has emerged as an effective strategy in the profiling of single cells in the brain and
spinal cord(Habib et al., 2017) already. Going forward, we propose that single-nucleus
RNA-seq and population-level INTACT be used in a complementary manner. Massively
parallel snRNA-seq with high numbers of nuclei would be the most effective way to
identify and classify cell types in the spinal cord, but would most likely lack the depth to
reveal disease or treatment effects on low- to medium-abundance transcripts(Habib et
al., 2017). Population-level INTACT and deep sequencing, as we present here, would
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have the ability to detect transcriptional perturbations from manipulations (e.g. injury,
inflammation, drugs) that would be missed by single nuclei.
In summary, our work provides a framework for combining knowledge of
functional pain circuitry with transcriptomics to uncover novel genes and to refine our
understanding of cell types in the spinal cord. In particular, SST neurons show plasticity
under inflammatory and neuropathic pain conditions and respond to inflammatory
cytokines and chemokines such as TNF-α and CCL2 (Xie et al., 2018). Thus, specific
targeting of signaling transduction in these neurons may lead to the development of
new therapeutics for the management of pathological pain, meanwhile leaving
physiological pain intact.
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4 Concluding Remarks
Understanding the roles that different neural cell types play in pain processing is
a central question in the field of pain research. In this dissertation, I addressed two
distinct but interrelated questions. In the first part, I aimed to determine the contribution
of Ab-LTMRs to nerve injury-induced neuropathic pain using an optogenetic approach.
In the second part, I used cell type-specific RNA-seq to comprehensively identify
enriched genes in SST+ spinal interneurons, whose central role in mediating mechanical
pain had already been established.
To address the first question regarding the role of Ab-LTMRs, I developed and
intensively characterized a new mouse line that allows for the optogenetic control of
Vglut1+ Ab-LTMRs. I determined the normal behavioral responses of the Vglut1-ChR2
mouse to optogenetic activation and clearly delineated its behavioral signature from that
of mice in which ChR2 is expressed in nociceptors (Nav1.8-ChR2 and Npy2r-ChR2).
Finally, I demonstrated that optogenetic activation of Vglut1+ LTMRs alone was not
sufficient to elicit pain-like behaviors or aversion in the setting of nerve injury-induced
neuropathy. This result was surprising and counters the prevailing view that Ab-LTMRs
can generate pain-like behaviors in pathological contexts. The caveats and explanations
for this result were discussed in Chapter 3. However, if this outcome is true, it would
warrant a reconsideration of the view that Ab-LTMRs can cause mechanical allodynia
and should prompt further investigation into which populations of primary sensory
neuron do mediate mechanical allodynia. Thus, this work has helped to more finely
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circumscribe the possible cellular determinants of mechanical allodynia. Moreover, the
novel mouse lines and behavioral approaches introduced in this work will be useful to
future optogenetic studies of pain, itch and touch.
In the second part, I used a cell type-specific approach to access the genome-wide
transcriptional profile of the SST+ spinal interneuron population. Previous work had
demonstrated the requirement of the SST+ neurons for mechanical pain(Duan et al.,
2014; 2017). Thus, with the functional role already demonstrated, I aimed to use RNAseq to identify distinctive gene targets of SST+ neurons that could allow for selective
pharmacological access to this population. Indeed, I uncovered several such targets and
validated their expression using in situ hybridization. In future studies, I will test the
functional contributions of these genes (Pde11a, Car12, and others) to mechanical pain
processing. Overall, this study serves as model for how one can profitably combine
high-throughput genomics with the knowledge of a cell type’s functional role to
discover novel biology and therapeutic targets. To date, this work stands as the first
demonstration of transcriptional profiling of a defined dorsal horn neuron population in
adult animals. With the optimized methods I developed in this work, other spinal cell
populations can be readily examined using RNA-seq or other genomic technologies in
any number of disease models or conditions.
Lastly, although seemingly disparate, the two projects in this dissertation
exemplify an integrated model for combining the study of a cell type’s function with its
molecular features in order to derive novel insights for therapeutic intervention:
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Cell Type

•
•
•
•

Molecular Genetics
Opto-/Chemogenetics
Activity Monitoring
Behavioral Assays

• Single Cell/ Cell Type-Specific Profiling
• Spatial Transcriptomics/Proteomics

Molecular Profile

Figure 18. An integrated model for the study and targetting of pain-related cell
types.
A given cell type can be conceived of having a defined function or set of
functions and also a molecular profile consisting of the genes it expresses. If the function
of a population is already known, such as was the case with SST interneurons, one can
use genome-wide techniques to discover distinctive genes that underlie the identity and
functional properties of the population. Then, with that knowledge of the molecular
profile, one can manipulate the specific molecules expressed by the cell type, such as
with pharmacology. Conversely, molecular profiling can be used as a starting point to
identify previously unknown cell types and their molecular features, as exemplified by
the deluge of new insights emerging from recent single cell RNA-seq studies (Campbell
et al., 2017; Häring et al., 2018; Marques et al., 2016; Usoskin et al., 2014) . With this
knowledge of cell type in hand, one can then use powerful techniques such as
optogenetics and chemogenetics to manipulate these cell types and understand their
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function. In this way, one can systematically identify cell types, their molecular features,
and their functions throughout the nervous system. Applied to pain, this model could
prove highly effective for the development of new therapies that specifically target the
cells and circuits related to pain without disturbing other normal functions of the
nervous system.
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