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ABSTRACT OF THE DISSERTATION

Circuit Mechanisms of Noradrenergic Function in Descending Pain Modulation

by

Susan Therese Lubejko

Doctor of Philosophy in Neurosciences
University of California San Diego, 2024

Professor Matthew Banghart, Chair

Our perception of pain is an important survival mechanism to avoid potentially damaging
noxious stimuli. However, chronic pain is debilitating. While opioids remain the best treatment
for pain, chronic use can lead to dangerous side effects including addiction, tolerance, and
respiratory depression that have contributed to the U.S. Opioid Crisis. A better understanding of

the underlying circuitry that modulates pain perception and contributes to opioid analgesia will

XVi



lead to alternative strategies to suppress pain in the absence of dangerous side effects. The
supraspinal descending pain modulatory system (DPMS) shapes pain perception through
terminals in spinal cord and is thought to be crucial for opioid analgesia. DPMS release of
noradrenaline in the spinal dorsal horn inhibits pain. However, the circuit mechanisms by which
the DPMS evokes this release remain unclear. Using anatomy, behavior, slice electrophysiology,
and calcium activity measurements in transgenic mice, we establish a major role for the locus
coeruleus (LC) in opioid-mediated antinociception. We also define the synaptic inputs by which
canonical DPMS nodes, the ventrolateral periaqueductal gray (vIPAG) and rostroventral medulla
(RVM), interface with LC. To this end, we discover that a significant portion of opioid
antinociception is driven by excitatory output from vIPAG to LC and uncover a previously
unstudied opioid-sensitive inhibitory output from RVM to LC, inhibition of which is
antinociceptive. We also find that these circuit elements are responsive to noxious stimulation.
Finally, we begin to define plasticity within the LC and excitatory inputs to LC in the context of
persistent pain. These findings serve to revise circuit models of descending monoaminergic pain

modulation and establish promising new targets for pain relief.
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CHAPTER 1: Introduction

Pain and human health

The International Association for the Study of Pain defines pain as “an unpleasant
sensory and emotional experience associated with, or resembling that associated with, actual or
potential tissue damage” (Raja et al., 2020). Given this definition, acute pain is an important
mechanism for survival and for preserving our physical well-being by avoiding potentially
damaging stimuli. However, persistent or chronic pain is debilitating and produces a substantial
burden on public health. The Centers for Disease Control and Prevention recently reported that in
2021, an estimated 51 million, or 20.9%, of U.S. adults experienced chronic pain, with 17
million, or 6.9% of the U.S. adult population, experiencing high-impact chronic pain. Chronic
pain has been shown to disrupt work and life activities, and is linked with other comorbidities
such as depression, suicide risk, and substance abuse (Rikard et al., 2023). While opioids remain
the most effective treatment for pain due to their strong modulation of pain processing pathways
within the brain and spinal cord, their propensity to cause addiction, tolerance, and respiratory
depression, among many other side effects, has led to the current U.S. Opioid Crisis, which sees
more than 90 overdose deaths per day (Volkow et al., 2017). Given these impacts on human
health, it is imperative to understand the underlying circuitry that contributes to our perception of
acute and chronic pain in an attempt to locate circuit elements that may be modulated without the

use of opioid drugs for long-lasting pain relief.

Pain vs. nociception



As defined above, pain encompasses both a sensory and emotional experience. Pain is
processed in the brain by a distinct group of structures known as the “pain matrix” (Wager et al.,
2013). Different structures involved in the pain matrix differentially encode the sensory
discriminative components of pain (where on the body, what the stimulus is, how intense it is,
etc.) vs. the affective and emotional components (pain unpleasantness, expression of negative
emotions as a result). Generally, in healthy humans, the sensory and affective components are
inseparable in the pain experience.

However, in rodent studies, such as those performed in this dissertation, measurement of
experience with a noxious stimulus often relies on reflexive behaviors, such as paw withdrawal
or tail flick. In this case, we use the term “nociception” to refer to the sensory, discriminative
aspect of encoding a noxious stimulus alone without implying an affective component that was
not measured (IASP Terminology). Similarly, when analgesic drugs are used to modulate these
reflexive behaviors, we use the term “antinociception” instead of “analgesia”. The terms
nociception and antinociception are used throughout this dissertation for these reasons. However,
as more recent pain research does find strategies to measure affective behaviors in rodents, such
as attending, escape, and avoidance, it is becoming possible to measure “pain” in rodent models

as well (Kimmey et al., 2022).

Neurobiology of pain processing
Pain information is processed through two major pathways: the ascending and

descending pathways (Figure 1.1A).

Ascending pain pathways



The ascending pain pathway begins in the periphery at the site of tissue injury. Primary
afferents, in this case Ad- and C-fiber nociceptors, transmit peripheral noxious information via
cell bodies located in the dorsal root ganglion to the dorsal horn of the spinal cord. Within the
dorsal horn, noxious information flows to projection neurons and interneurons mainly in the
superficial laminae, with a smaller portion of afferents contacting deeper wide dynamic range
neurons in lamina V (Dubin and Patapoutian, 2010). After receiving peripheral pain information,
the ascending spinal projection neurons generally decussate before projecting supraspinally
through three major pathways.

The spinothalamic tract represents the classical pain processing pathway. Secondary
spinal projection neurons in this pathway synapse in the thalamus on the way to cortical sites that
are involved in the pain matrix, including the somatosensory cortex, insula, and cingulate cortex
to encode the sensory discriminative and affective components of pain. The spinomesencephalic
and spinoreticular tracts transmit pain information to the midbrain (including the periaqueductal
gray and parabrachial region) and medullary reticular formation, respectively (Sengul and

Watson, 2015).

Descending pain pathways

The second major pain processing pathway, which is the focus of this dissertation, is the
descending pain modulatory system (DPMS). The DPMS begins supraspinally and passes
through key midbrain and brainstem structures to gate spinal outflow of ascending nociceptive
signals at the level of the dorsal horn before these signals ascend to the brain. The major

midbrain DPMS node is the ventrolateral periaqueductal gray (vIPAG), which organizes pain



modulatory signals from cortical and subcortical regions, such as the amygdala, prefrontal
cortex, insula, and cingulate cortex.

The most canonically studied descending pathway involves synapses from the vVIPAG
onto the medial portion of the rostroventral medulla (RVM), the neurons of which synapse in the
dorsal horn to enhance or suppress incoming pain information through opioidergic and
serotonergic mechanisms (Millan, 2002; Frangois et al., 2017). The RVM, and to some extent
VIPAG, contain electrophysiologically defined neuronal classes known as On- and Off- cells,
which are thought to facilitate and inhibit neurons in the dorsal horn, respectively, in response to
noxious stimuli (Heinricher et al., 1994). Exogenous and endogenous opioids exert many of their
antinociceptive effects through this pathway: vVIPAG-RVM glutamatergic projection neurons are
under tonic inhibitory control from local GABAergic interneurons in VIPAG. It is posited that
opioids cause antinociception by releasing this inhibition. Opioids suppress the local GABAergic
interneurons by binding to inhibitory (Gi,) G protein-coupled mu-opioid receptors (MORS),
thereby disinhibiting the activity of vVIPAG-RVM projections (Basbaum and Fields, 1984;
Heinricher et al., 2009). The serotonergic output from RVM in the dorsal horn can be either pain
inhibitory or pain facilitatory depending on the RVM neurons conveying the signal and the

receptor identity of targets in the dorsal horn (Millan, 2002).

Descending noradrenergic pain modulation

In addition to the complicated role of serotonergic output in descending pain modulation
and despite the apparent focus on this more canonical pathway, rodent intrathecal
pharmacological studies have long indicated an almost purely pain inhibitory role of spinal

release of noradrenaline (NA). These studies have implicated spinal noradrenergic signaling in a



variety of models of DPMS suppression of pain, including that which is caused by application of
opioid drugs systemically or directly to the vIPAG via microinfusion (Yaksh, 1979; Proudfit and
Hammond, 1981; Hammond and Yaksh, 1984).

Previous work points to three midbrain and brainstem noradrenergic structures as the
likely sources of spinal NA that mediate antinociception: A5, A6 (also known as the locus
coeruleus), and A7. All three of these structures exhibit anatomical projections to the spinal
dorsal horn (Clark and Proudfit, 1991c, 1991b; Proudfit and Clark, 1991; Clark and Proudfit,
1993; Bruinstroop et al., 2012). A body of prior literature focused on the A7 nucleus alone as the
primary driver of spinal NA in rats. Electrical stimulation of A7 produces spinal noradrenaline
release and antinociception (Miller and Proudfit, 1990; Yeomans and Proudfit, 1992; Holden et
al., 1999; Nuseir and Proudfit, 2000). Most recently, the A5 nucleus has been demonstrated as a
crucial relay point for a specific type of descending pain modulation known as diffuse noxious
inhibitory control, otherwise known as the “pain inhibits pain” phenomenon (Kucharczyk et al.,
2023).

A large body of evidence encompassing early lesion studies to more modern neuroscience
methods strongly implicates the locus coeruleus (LC) in descending pain modulation. The LC is
the largest noradrenergic center of the brain and signals via both ascending projections from the
dorsal part of LC to a wide variety of forebrain targets and descending projections from the
ventral LC to the spinal cord (Li et al., 2016; Hirschberg et al., 2017). Interestingly, however,
there appears to have been considerable disagreement early in the field regarding the importance
of LC in descending modulation and its role in opioid antinociception. First, confusion about
how LC may modulate sensory signals, which are processed largely in the spinal dorsal horn,

arose as it was determined that different commonly used laboratory rat strains exhibited



divergent patterns of LC terminals in the spinal cord. Using retrograde tracing strategies, in one
strain, it was determined that the LC provides a majority of the NAergic input to the motor-
focused ventral spinal horn (Clark et al., 1991; Clark and Proudfit, 1991b; Proudfit and Clark,
1991). Additionally, lesion studies aiming to determine the noradrenergic structures that
contribute to systemic opioid antinociception produced unconvincing results on whether lesions
in the LC or other areas around the LC were more responsible for deficits in the antinociception,
with different studies producing opposite results (Sasa et al., 1977; Hammond and Proudfit,
1980).

However, the use of the most up-to-date anatomical and behavioral techniques in more
recent papers, including Chapter 2 of this dissertation, have once again established an important
role for LC in nociceptive modulation. Exogenous stimulation of ventral LC using electrical,
optogenetic, and chemogenetics methods produces antinociception that depends on spinal NA
signaling, whereas stimulation of the dorsal, ascending portion of LC has been shown to be
pronociceptive or anxiety-producing (West et al., 1993; Hickey et al., 2014; Hirschberg et al.,
2017). As a result, more current models of the DPMS now include the LC, among other

structures, with the canonical PAG-RVM pathway (Ossipov et al., 2010).

Does LC interface with canonical DPMS nodes?

Although the field now better understands the importance of LC-mediated descending
NA in DPMS-driven pain modulation, the circuitry by which the LC may be harnessed in concert
with other descending pathways as it is drawn into circuit models of the canonical DPMS
requires further study (Figure 1.1B). Interestingly, both the VIPAG and the medial portion of the

RVM exhibit anatomical projections to all three noradrenergic nuclei (Clark and Proudfit, 1991a;



Bajic and Proudfit, 1999), positioning both PAG and RVM to have influence over spinal NA
signaling.

VIPAG projections to LC are better studied, but with sometimes contrasting results.
Rabies tracing studies posit a relatively strong projection from vIPAG to LC NAergic neurons,
including LC neurons that project to the spinal cord (Schwarz et al., 2015; Kim et al., 2018).
Additionally, a recent slice electrophysiology study established an excitatory projection from
lateral PAG to LC NAergic neurons (Barcomb et al., 2022). However, in vivo
electrophysiological studies report relatively weak projections from PAG to LC that serve to
inhibit LC output (Ennis et al., 1991). While one study reports that these projections are opioid-
sensitive (Kim et al., 2018), this finding appears to be at odds with the notion that opioids cause
PAG to drive descending NA release in the spinal cord. For these reasons, the sign, opioid
sensitivity, and behavioral relevance in nociception and opioid antinociception of this projection
all require further investigation.

To our knowledge, there is only one study that has investigated the anatomical
connections between the medial RVM (which receives many of the projections from the vIPAG
and is therefore highly implicated in pain) and the pericoerulear region and LC (Clark and
Proudfit, 1991a). Interestingly, a large body of literature establishes an excitatory projection from
the rostroventrolateral medulla (RVLM) to the LC, but these studies noticeably avoid the medial
RVM referenced throughout this dissertation (Ennis and Aston-Jones, 1988; Ennis et al., 1992).
Similarly, the caudal ventrolateral medulla (cVLM) provides noradrenergic excitatory inputs to
LC (Gu et al., 2023). Virtually nothing is known about the projections from the medial aspect of

RVM to LC.



Chapters 2 and 3 of this dissertation endeavor to answer many of the questions posed
above. First, we establish a significant role for LC activity in opioid-mediated antinociception
using two modern viral methods in mice that avoid off target effects that confound the results of
lesion studies. Next, using slice physiology and behavior, we not only determine the excitatory or
inhibitory nature and opioid sensitivity of the vIPAG and RVM inputs to LC, but also extend our
investigation of these circuit elements into their role in complex nociceptive and systemic opioid
antinociceptive behavior using pathway specific chemogenetics and activity measurement via

fiber photometry.

Chronic Pain in the DPMS

While acute pain assays in rodents like those employed in Chapters 2 and 3 remain
important tools for neuroscientists to define new circuitry and uncover roles for endogenous
signaling mechanisms in healthy individuals, translational efforts require researchers to go
further into these newly defined circuits and mechanisms to determine how they may function in
the context of chronic pain. Acute pain is deserving of study as an important survival mechanism
and options for treating it are certainly needed for individuals experiencing debilitating short-
term pain after injury. However, as noted earlier, the greatest burden on human health arises from
the high prevalence of chronic pain, which affects patients’ ability to function on the timescale of
months to years. Chronic pain carries many definitions in different fields, but usually refers to
pain that persists after the site of injury has healed (a useful metric in rodent studies) or pain that
persists from more than three months in humans (Apkarian et al., 2009; Rikard et al., 2023). An

open challenge that exists in the pain field is whether brain circuits shown to hold



antinociceptive promise by testing healthy individuals remain antinociceptive in subjects
experiencing chronic pain.

The reason to pose this question is that chronic pain causes plasticity at virtually every
level of the nervous system that contributes to pain perception and modulation. Studies have
found structural and functional alterations from the peripheral nociceptors themselves to spinal
circuitry, cortical representations, grey matter volume and even glial activity (Kuner and Flor,
2016). Within the DPMS, imbalances between descending pain facilitation and inhibition from
the RVM are often cited as driving forces in establishing chronic hypersensitivity (Porreca et al.,
2002; Ren and Dubner, 2002; Heinricher, 2016; Chen and Heinricher, 2019). Additionally,
hypofunction in PAG may hamper the pain inhibitory capabilities of the canonical descending
pathway (Ho et al., 2013). Existing literature also has investigated the role of noradrenergic
signaling in chronic pain states, but with conflicting results. While descending NAergic signaling
appears to maintain its pain inhibitory properties and protect against chronic hypersensitivity
(Ossipov et al., 2014), some groups have hypothesized that the LC actually generates chronic
pain and comorbid anxiodepressive behaviors by shifting signaling away from descending
antinociceptive NA release to pain and anxiety-driving ascending signaling (Brightwell and
Taylor, 2009; Taylor and Westlund, 2017; Llorca-Torralba et al., 2019). How LC activity changes
in response to chronic pain appears up for debate (Viisanen and Pertovaara, 2007; Kimura et al.,
2015; Hayashida and Obata, 2019; Alba-Delgado et al., 2021).

Chapter 4 of this dissertation aims to study changes in LC activity and inputs to LC that
may occur in the context of persistent inflammatory pain on a relatively short timescale. We
establish that although LC intrinsic properties are unchanged in a slice preparation from injured

vs. uninjured animals, glutamatergic inputs to LC are upregulated by persistent pain, especially



in ventral LC neurons that are putatively involved in descending NA release. The implications of
these results in light of the circuit elements uncovered in Chapters 2 and 3, as well as important
future directions for similar studies in a chronic neuropathic (referring to pain caused by damage

to the nervous system itself) pain context are discussed.
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Figure 1.1. Schematics and outstanding questions of the ascending and descending pain pathways.

A. Coronal slice schematic of the ascending nociceptive pathway (red arrow) that is triggered by input
from nociceptors to the dorsal horn (black arrow) and the descending pain modulatory pathway (blue
arrows) that contacts nociceptor terminals in the dorsal horn. B. Sagittal diagram delineating the known
descending pathways from vIPAG, RVM and LC (black, solid) and the outstanding questions of circuit
connectivity between VIPAG and RVM to the LC (grey, dashed). Open questions include the
neurotransmitters (excitatory vs. inhibitory) released at these synapses, as well as the presence of the
MOR within these circuit elements.
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CHAPTER 2: Inputs to the locus coeruleus from the periaqueductal gray and rostroventral

medulla shape opioid-mediated descending pain modulation

Abstract

The supraspinal descending pain modulatory system (DPMS) shapes pain perception via
monoaminergic modulation of sensory information in the spinal cord. However, the role and
synaptic mechanisms of descending noradrenergic signaling remain unclear. Here, we establish
that noradrenergic neurons of the locus coeruleus (LC) are essential for supraspinal opioid
antinociception. Unexpectedly, given prior emphasis on descending serotonergic pathways, we
find that opioid antinociception is primarily driven by excitatory output from the ventrolateral
periaqueductal gray (VIPAG) to the LC. Furthermore, we identify a previously unknown opioid-
sensitive inhibitory input from the rostroventromedial medulla (RVM), the suppression of which
disinhibits LC neurons to drive spinal noradrenergic antinociception. We also report the presence
of prominent bifurcating outputs from the vVIPAG to the LC and the RVM. Our findings
significantly revise current models of the DPMS and establish a novel supraspinal

antinociceptive pathway that may contribute to multiple forms of descending pain modulation.

Introduction

The midbrain and brainstem descending pain modulatory system (DPMS) alters spinal
outflow of ascending nociceptive signals. Current models of the DPMS emphasize excitatory
projections from ventrolateral periaqueductal gray (vVIPAG) to the rostroventromedial medulla
(RVM), which sends projections to the spinal cord dorsal horn that bidirectionally modulate

incoming noxious sensory information through serotonergic and opioidergic mechanisms
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(Millan, 2002; Frangois et al., 2017). Endogenous and exogenous opioids are thought to produce
analgesia via disinhibition of VIPAG-to-RVM projection neurons (Basbaum and Fields, 1984;
Heinricher et al., 2009; Lau and Vaughan, 2014). The RVM and, to some extent, the PAG, are
comprised of On-, Off-, and neutral cells, which are defined electrophysiologically by their
activity preceding a nocifensive response (Fields et al., 1983; Heinricher et al., 1987, 1994).

In addition to serotonin, rodent intrathecal pharmacological studies implicate spinal
noradrenaline (NA) signaling in DPMS-driven and opioid-mediated pain suppression (Yaksh,
1979; Proudfit and Hammond, 1981; Hammond and Yaksh, 1984; Jensen and Yaksh, 1984;
Aimone et al., 1987). Spinal serotonin can both suppress and facilitate nociceptive processing
and pain behaviors (Suzuki et al., 2004; Svensson et al., 2006; Ganley et al., 2023b), whereas
spinal NA is more consistently reported as antinociceptive. Previous work implicates midbrain
and brainstem catecholaminergic cells groups as the likely sources of spinal NA, especially the
locus coeruleus (LC), also known as the A6 nucleus, which sends both ascending projections
from dorsal LC to supraspinal areas, and descending projections from ventral LC to the spinal
cord (Westlund et al., 1983; Burnett and Gebhart, 1991; Clark and Proudfit, 1991c, 1991b, 1993;
Clark et al., 1991; Li et al., 2016; Hirschberg et al., 2017). Stimulation of ventral LC in rats
causes antinociception that depends on spinal NA, while stimulation of dorsal LC is
pronociceptive or anxiety-producing (West et al., 1993; Hickey et al., 2014; Hirschberg et al.,
2017). Yet the role of LC in systemic opioid antinociception remains an open question, as the
literature on this topic is sparse and conflicting (Sasa et al., 1977; Hammond and Proudfit, 1980).

Anatomical studies have identified projections from the PAG to the LC (Bajic and
Proudfit, 1999). Surprisingly, the synaptic features of these projections and their relevance to

pain modulatory behavior have not been established. Although a rabies tracing study reported
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inputs to LC-NA neurons from vIPAG, and a slice electrophysiology study found an excitatory
connection from lateral PAG to LC-NA neurons (Schwarz et al., 2015; Kim et al., 2018;
Barcomb et al., 2022), in vivo electrophysiological recordings reported only weak, sparse input
that predominantly inhibits LC discharge (Ennis et al., 1991). Furthermore, vIPAG-to-LC
neurons were reported to be inhibited by mu opioids (Kim et al., 2018), which conflicts with the
notion that vIPAG output can drive descending LC neurons in the context of opioid analgesia.
Thus, whether vIPAG contributes to the activation of LC to support opioid antinociception
remains entirely unclear.

An additional complexity relates to the potential role of the RVM in influencing pain
processing via synaptic communication with the LC. One anatomical study reports projections
from both the raphe magnus and paragigantocellular nucleus, both components of the medial
RVM, to the LC and pericoerulear region (Clark and Proudfit, 1991a), but the sign and functional
significance of this anatomical pathway remains unexplored. There is a strong body of literature
demonstrating antinociceptive input to LC from excitatory neurons in the rostral ventrolateral
medulla (RVLM) (Ennis and Aston-Jones, 1988; Ennis et al., 1992) and more recently,
noradrenergic excitatory neurons in the caudal ventrolateral medulla (cVLM) (Gu et al., 2023).
Yet, to our knowledge, there is no information regarding the nature and behavioral relevance of
medial RVM inputs to the LC.

In this study, we use virally- and genetically-mediated anatomical, electrophysiological,
and behavioral methods in mice to establish the circuit elements by which the DPMS recruits the
LC to produce opioid antinociception. Our findings reveal the necessity of vVIPAG input to the

LC for systemic morphine antinociception and uncover an unexpected inhibitory input from the
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RVM that impacts nociception. These findings place new emphasis on noradrenergic signaling

from the LC in opioid analgesia and reveal a novel antinociceptive pathway within the DPMS.

Results
Spinal NA release from the LC underlies systemic morphine antinociception

Intrathecal pharmacological experiments in rats point to a role for spinal noradrenergic
and serotonergic signaling in systemic morphine antinociception (Proudfit and Hammond, 1981).
We first set out to confirm that spinal NA contributes to systemic morphine antinociception in
mice by administering multiple doses of systemic morphine (5, 12, and 20 mg/kg, s.c.) in
conjunction with intrathecal injections of the vehicle saline, the alpha-adrenergic antagonist
phentolamine (5 pg), or, for comparison, the opioid antagonist naltrexone (5 pg) (Figure 2.1A).
Systemic morphine with intrathecal saline administration increased hot plate withdrawal
latencies in a dose-dependent manner (Figure 2.1B). At all morphine doses, intrathecal
phentolamine blunted the resulting antinociception, and intrathecal naltrexone reduced it to an
even greater degree (Figure 2.1B-C). These results indicate that spinal NA plays a critical role in
the expression of systemic morphine antinociception, especially at low doses of morphine. In
contrast, spinal opioid signaling, whether via direct spinal actions of morphine or DPMS-driven
endogenous opioid release, is required for systemic morphine antinociception at all doses.

Direct spinal administration of morphine produces antinociception (Yaksh and Rudy,
1977). It is therefore possible that morphine acts within the spinal cord to stimulate NA release,
either from descending noradrenergic terminals or from unidentified local NA neurons. To
determine whether morphine-driven spinal NA signaling originates from a spinal or supraspinal

source, we intrathecally administered morphine (2.5 pg) along with saline, phentolamine, or
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naltrexone, prior to the hot plate assay (Figure 2.1D). Consistent with a supraspinal source of
spinal NA, we found that the effect of intrathecal morphine was not blocked by intrathecal
phentolamine, whereas intrathecal naltrexone blocked the antinociception (Figure 2.1E). In the
absence of morphine, these antagonists did not significantly change withdrawal latency (Figure
2.1F).

Previous studies have identified several supraspinal noradrenergic structures that project
to the dorsal horn of the spinal cord (Westlund et al., 1983; Clark and Proudfit, 1991c, 1991b,
1993; Clark et al., 1991; Li et al., 2016). Whereas the A5 and A7 nuclei contain only a small
fraction of dorsal horn-projecting NA neurons, the LC is the primary source of spinal NA (Li et
al., 2016). Stimulation of the spinally-projecting ventral subdivision of LC produces spinal NA-
dependent antinociception in mice and rats (West et al., 1993; Hickey et al., 2014; Hirschberg et
al., 2017). To determine whether systemic morphine increases the activity of LC-NA neurons, we
measured expression of the immediate early gene c-Fos in response to subcutaneous morphine
(10 mg/kg) or saline treatment in DBH-cre:tdTom mice that express the fluorescent protein
tdTomato in dopamine beta-hydroxylase (DBH)-positive neurons. Consistent with LC activation,
systemic morphine caused a significant increase in c-Fos expression in LC neurons (Figure
2.2A-B), which was significantly blocked by systemic opioid receptor antagonist naloxone (10
mg/kg, s.c.) pretreatment. This presents a paradox, as LC neurons express the mu opioid receptor
(MOR), which typically inhibits neuronal output in receptor-expressing neurons. A possible
explanation is that the c-Fos induction actually results from direct engagement of mitogen-
activated protein kinase cascades downstream of MOR activation (Shoda et al., 2001). However,
morphine-induced c-Fos expression was unchanged in DBH-cre::Oprm I’/ mice (Weibel et al.,

2013), which lack MOR in NA neurons (Figure 2.3A-B). Taken together, these data suggest that
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while MOR expression in LC neurons themselves is not responsible for morphine-induced c-Fos
expression, opioid receptors present in the circuit upstream from these neurons are responsible
for LC c-Fos expression, possibly via disinhibition of LC activity.

In rat brain slices, MOR agonists strongly hyperpolarize LC neurons via activation of G
protein-coupled inward rectifier K* (GIRK) channels (Williams et al., 1982; Banghart and
Sabatini, 2012). Because nearly all prior observations of MOR-mediated dampening of LC
neuronal excitability were made in rats, we asked if mouse LC-NA neurons are similarly
affected. Using fluorescent in situ hybridization, we first confirmed that OprmI and TH
transcripts, which encode the MOR and tyrosine hydroxylase, respectively, colocalize in the LC
of C57Bl16/] mice (Figure 2.3D-E). We next investigated the effects of the MOR agonist
DAMGO on LC neuronal excitability using whole cell electrophysiological recordings in acute
mouse brain slices. Bath applied DAMGO requires minutes to equilibrate in slices, which can
obscure subtle effects on membrane properties. We therefore used the photocaged DAMGO
derivative CNV-Y-DAMGO (1 uM) to produce time-locked DAMGO concentration jumps in
response to millisecond flashes of light(He et al., 2021; Ma et al., 2023). In current clamp
recordings, despite the use of a strong optical stimulus, CNV-Y-DAMGO photoactivation
generated only small hyperpolarizations that were accompanied by brief pauses in spontaneous
firing and minor subsequent reductions in firing rate (Figure 2.2C). In voltage clamp recordings,
DAMGO photorelease evoked small outward currents (Figure 2.2C). Consistent with these
modest effects, bath application of DAMGO produced no change in evoked action potential
firing (Figure 2.2D). These small effects stand in stark contrast to the several-hundred pA
currents and deep hyperpolarizations evoked by MOR agonists in rat LC, and are consistent with

the smaller GIRK currents previously observed in mice on a different genetic background
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(Torrecilla et al., 2002). These results suggest that direct MOR-mediated inhibition of LC firing
may be insufficient to counteract synaptic drive of LC neurons by upstream circuits in mice.
Consistent with this notion, genetic removal of MORs from LC-NA neurons did not alter
systemic morphine antinociception on the hot plate (Figure 2.3C).

To determine if the LC contributes to morphine antinociception, we employed two loss-
of-function approaches. First, we specifically ablated LC-NA neurons via bilateral injection of
cre-dependent Caspase 3 (Casp3) into the LC of either DBH-cre:tdTom mice or control tdTom
littermates. Transduction with Casp3 led to near-complete ablation of LC-NA neurons (Figure
2.2E). In addition to assessing thermal nociception, we used a pin prick assay to measure
mechanical nociception. Somewhat surprisingly, LC ablation had no effect on baseline
nocifensive responses in the absence of morphine. However, in comparison to control mice, the
morphine-induced increase in hot plate withdrawal latency was strongly attenuated in DBH-
cre:tdTom mice at both doses of morphine (5 and 10 mg/kg). In addition, the morphine-induced
decrease in pin prick response was significantly attenuated at 5 mg/kg morphine and trended
toward significance at 10 mg/kg (Figure 2.2F).

Casp3-mediated cell ablation is a severe manipulation that may lead to
neuroinflammation and/or a loss of structural integrity. We therefore sought to suppress LC
activity by overexpressing Kir2.1, a constitutively active inwardly-rectifying K™ channel, which
hyperpolarizes neurons and decreases their excitability. We first analyzed the effect of Kir2.1
overexpression on LC neuronal excitability using brain slice electrophysiology 3 weeks after
unilateral LC injection of AAV-DIO-Kir2.1-zsGreen in DBH-cre mice. Kir2.1 overexpression
decreased resting membrane potential and abolished tonic action potential firing compared to

anatomically-identified LC neurons in the uninjected hemisphere (Figure 2.2G-H). We also
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observed a decrease in evoked action potential firing in response to injection of 50 and 100 pA
current steps (Figure 2.21I). Taken together, Kir2.1 overexpression effectively decreases both
tonic and evoked action potential firing in LC neurons.

For behavioral testing, we injected DBH-cre:tdTom or tdTom mice bilaterally in the LC
with AAV-DIO-Kir2.1-zsGreen. Histological analysis revealed high transduction of LC neurons
in cre-expressing mice and negligible expression in cre-negative littermates (Figure 2.2J).
Kir2.1 overexpression suppressed morphine antinociception on both the hot plate and pin prick
assays at both doses of morphine (Figure 2.2K). Notably, neither Casp3 nor Kir2.1 produced a
difference in locomotion or basal anxiety in the elevated plus maze (Figure 2.4A-B). Overall,

these results support a critical role for the LC in systemic morphine antinociception.

VIPAG gates LC-mediated morphine antinociception

While LC is crucial for systemic morphine antinociception, it remains unclear how LC
activity is recruited by upstream structures in response to opioid drugs. Classic models of opioid
antinociception involve the disinhibition of VIPAG output neurons via activation of MORs
expressed on inhibitory terminals and/or local GABA neurons within the vIPAG (Basbaum and
Fields, 1984; Lau and Vaughan, 2014). Consistent with this, the antinociception produced by
local morphine infusion into rat PAG partially depends on spinal NA (Yaksh, 1979).
Furthermore, several PAG subregions, including the vIPAG, send excitatory projections to the
LC and pericoerulear region (Bajic and Proudfit, 1999; Schwarz et al., 2015; Kim et al., 2018;
Barcomb et al., 2022). Although optogenetic and chemogenetic activation of vIPAG

glutamatergic neurons produces antinociception in mice (Tovote et al., 2016; Samineni et al.,
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2017), whether this is mediated by the LC, and whether vIPAG glutamatergic neurons support
morphine antinociception, is not known.

If VIPAG is an important upstream mediator of morphine antinociception, we reasoned
that inhibiting vIPAG output should attenuate the antinociception produced by 5 mg/kg
morphine, which we found to rely heavily on the LC. To probe the role of vVIPAG in morphine
antinociception, we bilaterally expressed the inhibitory DREADD HM4D (Roth, 2016) in
VIPAG"CLUT2-c¢ peurons and inhibited their output with systemic CNO (3 mg/kg, i.p.) in the
absence and presence of morphine (5 mg/kg, s.c.) (Figure 2.5A). In untransduced control mice,
CNO had no effect on morphine antinociception. In contrast, CNO completely prevented
morphine antinociception in HM4D-expressing mice (Figure 2.5B).

To determine if spinal NA signaling mediates vIPAG-driven antinociception, we
bilaterally activated vIPAG"“LUT2-¢7¢ peurons with the excitatory DREADD HM3D in
conjunction with intrathecal NA antagonism (Figure 2.5C). Consistent with prior work
(Samineni et al., 2017), systemic CNO (3 mg/kg, i.p.) increased hot plate withdrawal latencies
and von Frey mechanical thresholds. Strikingly, this effect was either completely or partially
abolished on the thermal and mechanical assays, respectively, by intrathecal administration of
either phentolamine or naltrexone (Figure 2.5D). However, we also observed that chemogenetic
activation of vVIPAG"“LUT2¢ neurons produced a state of active quiescence, in which mice
exhibited a marked reduction in voluntary locomotion, distinct from freezing behavior (Figure
2.6A). This raises a concern that the apparent antinociception is simply a consequence of general
locomotor suppression. However, the active quiescence persisted after intrathecal phentolamine
and naltrexone administration, despite significant attenuation of the antinociception. Therefore,

DPMS-driven descending antinociception and locomotor suppression are dissociable. Consistent
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with VIPAG driving the LC to produce spinal NA-dependent antinociception, we also found that
chemogenetic activation of vVIPAG"“tUT2-¢7¢ neyrons increased c-Fos expression in TH-positive
LC neurons (Figure 2.5E), yet CNO had no effect in the LC of untransduced wildtype mice
(Figure 2.6B). Together, these results demonstrate that, like systemic morphine, vIPAG-driven
antinociception requires spinal NA signaling. They also establish a role for spinal endogenous
opioid signaling in vVIPAG-driven antinociception, a point debated in previous literature (Aimone

et al., 1987; Morgan et al., 1991).

Anatomy of DPMS input to the LC

To uncover the circuit elements by which the DPMS may recruit the LC, we first mapped
projections from the vIPAG and RVM to the LC by virally expressing tdTomato in
neurochemically-defined cell types. To label glutamatergic neurons, we used VGLUT2-cre mice,
as VGLUT?2 is the primary vesicular glutamate transporter isoform in both structures. To label
inhibitory axons, we used V'GAT-cre mice, which express cre in both GABAergic and glycinergic
neurons (Chaudhry et al., 1998).

After unilateral injection of AAV-DIO-tdTom into the vIPAG of either VGLUT2-cre or
VGAT-cre mice, we observed sparse fibers in the LC somatic region and strong labeling in the
surrounding pericoerulear region, including a medial zone corresponding to Barrington’s
nucleus(Paxinos and Franklin, 2001; Hou et al., 2016) and a dorsolateral zone near the 4%
ventricle (Figure 2.7A-E). Quantification of pixel intensity of green TH+ LC neurons and red
fibers supports dense VIPAG projections just medial to the LC (Figure 2.7F-G). Consistent with
axo-dendritic inputs to LC-NA neurons occurring within the pericoerulear region and evidence of

pericoerulear interneurons that modulate LC activity(Aston-Jones et al., 1991, 2004; Kuo et al.,

26



2020), these results establish anatomical substrates by which vIPAG could bidirectionally control
LC activity.

GVGLUT2-cre neyrons also labeled axons in the RVM

As expected, tdTom expression in VIPA
(Figure 2.8A). We also observed prominent fluorescent axons in the RVM upon tdTom
expression in VIPAG"%4<" neurons. The existence of inhibitory vIPAG-to-RVM projections has
been established in rats but refuted in mice (Figure 2.8B) (Reichling and Basbaum, 1990;
Morgan et al., 2008; Park et al., 2010; Bagley and Ingram, 2020). We verified this inhibitory
projection using a retro-FISH approach involving retrobead injection into RVM prior to
retrobead-labeled VIPAG cell type identification using fluorescence in situ hybridization (Figure
2.8C). This analysis revealed that although the vast majority of vVIPAG-to-RVM projection
neurons contain transcripts encoding glutamatergic (but not GABAergic) markers, ~15% contain
only GABAergic markers (Figure 2.8D). These results establish that vIPAG sends inhibitory
projections to the RVM in mice.

A previous study in mice suggested the presence of two distinct, non-overlapping
populations of VIPAG neurons that project to the LC and RVM (Kim et al., 2018). We wondered
if VIPAG-to-LC neurons send branches to other brain areas. To address this question, we
fluorescently labeled vIPAG neurons that project to the LC using the retrograde virus AAVretro-
cre in wild-type mice (Figure 2.7H). Consistent with our previous results, we observed
mCherry-positive fibers in the medial pericoerulear region. However, we also observed
prominent axon fibers in the RVM, with no other apparent midbrain and brainstem targets. To
confirm this result, we labeled vIPAG-to-RVM neurons using the same approach and again

observed fluorescent axons in the medial pericoerulear region (Figure 2.71). We verified these

findings using a dual-color double-retrograde approach by injecting A AVretro-cre into the RVM,
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AAVretro-FlpO into the LC, and a mixture of cre- and flp-dependent mCherry and YFP reporter
viruses in VIPAG. Importantly, the reporter virus titers were optimized to eliminate recombinase-
independent expression and recombinase cross-talk. We observed mCherry and YFP co-
expression in 31% of fluorescently labeled neurons (Figure 2.7J), which is likely an
underestimate due to incomplete viral uptake. Taken together, these experiments establish that a
large number of VIPAG output neurons send bifurcating axons to both the LC and RVM.
Importantly, these results imply that vIPAG recruits the LC and RVM in an inseparable, parallel
manner.

We next asked if we could detect projections from the RVM to the LC, which were
reported a single prior study (Clark and Proudfit, 1991a). Upon injecting AAV-DIO-TdTom into
the RVM of VGLUT2-cre or VGAT-cre mice, red fluorescent fibers were found in the LC and
pericoerulear region in innervation patterns distinct from vIPAG axons (Figure 2.7K-0).
Notably, pixel intensity analysis revealed that RVM"9LUT2-¢¢ axons were sparse within the LC
somatic region and in the medial pericoerulear region, did not innervate Barrington’s nucleus,
and innervated a region just lateral to LC. In contrast, RVM"%47¢" axons appeared to strongly
innervate the LC somatic region and symmetrically spill over only slightly into the medial and
lateral pericoerulear regions (Figure 2.7P-Q). Additionally, analysis of fibers from all four
projection origin- and cell type combinations along the dorsal-ventral axis within the LC somatic
region suggested that vIPAG largely targets dorsal LC whereas RVM targets ventral LC (Figure
2.7R).

To determine if RVM-to-LC neurons send branching axons to other structures, we
injected AAVretro-cre in LC and AAV-DIO-tdTom in RVM (Figure 2.7S). We observed

fluorescent fibers in several brain regions other than the LC. Most prominent was a dense
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projection to the parafascicular nucleus of the thalamus, which also receives input from LC (Vogt
et al., 2008) (Figure 2.7T-V). Notably, we did not find fluorescent axons in the spinal cord
dorsal horn, indicating that RVM-LC projection neurons belong to a population distinct from the
spinally-projecting RVM neurons that directly modulate incoming noxious sensory information.
Taken together, these results suggest that the LC receives neurochemically-diverse synaptic

inputs from multiple hindbrain nodes within the DPMS.

Synaptic properties of vVIPAG and RVM input to the LC

To gain insight into the functional significance of these pathways, we optogenetically
stimulated VIPAG or RVM axons in LC during acute brain slice electrophysiological recording
from LC-NA neurons. To achieve high expression of channelrhodopsin (ChR2) in all projection
cell types, we injected wild-type mice in either the vVIPAG or RVM with a combination of
AAVDIJ-Efla-mCherry-IRES-cre and AAVDJ-Efla-DIO-ChR2-mCherry. After 3-4 weeks of
expression, we prepared coronal slices and obtained whole-cell recordings from
morphologically-identified LC neurons. We targeted cells that were located in the ventral half of
LC in order to bias our recordings towards the spinally-projecting population (Li et al., 2016) and
confirmed that each recorded neuron exhibited spontaneous tonic firing at ~1.5 Hz.

We first determined the net effect of optogenetic axon stimulation on LC neuron firing
using a 2-second blue light stimulus (25 Hz). Upon activating vIPAG inputs, we observed a firing
rate increase in 80% of recorded neurons, whereas 20% showed no significant change. Across
the population, this resulted in an overall increase in firing rate during the stimulus (Figure

2.9A-B). In contrast, upon activating RVM inputs to LC, we observed a firing rate increase in in
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only 10% of the recorded neurons, and a decrease in 60%, whereas 30% were not modulated.
Across the population, this resulted in an overall decrease in firing rate (Figure 2.9C,D).

To gain insight into the synapses driving these changes in action potential firing, we
measured optically-evoked postsynaptic currents in voltage clamp recordings. To electrically
isolate excitatory and inhibitory postsynaptic currents (0EPSCs and oIPSCs), we applied light
while holding neurons at both -70 mV and 0 mV, respectively. Upon stimulating vIPAG axons (1
x 5 ms pulse), we detected oEPSCs in 30/36 neurons. Seven of these 30 neurons also responded
with oIPSCs, but we did not observe any neurons displaying oI[PSCs only. The relative oEPSC
and oIPSC peak amplitudes are consistent with the overall excitatory drive from vIPAG observed
in current clamp (Figure 2.9E). On the other hand, upon stimulating RVM axons, we found
0oEPSCs in 32/72 neurons and oIPSCs in 62/72 neurons, while 30/72 LC neurons exhibited both.
The relative oEPSC and oIPSC peak amplitudes are consistent with the overall net inhibition of
LC firing by the RVM (Figure 2.9F).

We next used pharmacology to dissect the underlying synaptic receptors, assess the
presence of mono- and/or poly-synaptic connections, and evaluate the mu opioid-sensitivity of
each pathway. Consistent with a glutamatergic, monosynaptic excitatory connection, vIPAG-
driven oEPSCs were blocked by the AMPA receptor antagonist NBQX (10 pM) and were
completely abolished by the voltage-gated sodium channel blocker TTX (1 uM), but could
subsequently be rescued by application of the voltage-gated potassium channel antagonist 4-
aminopyridine (4-AP; 100 uM) (Figure 2.9G-H). Indicative of a mixed GABAergic and
glycinergic projection, RVM-driven oIPSCs were partially blocked by the GABA-A receptor

antagonist GABAzine (20 uM), and fully blocked by subsequent addition of the glycine receptor

antagonist strychnine (10 uM) (Figure 2.91). Demonstrating the presence of a monosynaptic
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inhibitory connection, the o[PSCs were abolished and restored by TTX and 4-AP, respectively
(Figure 2.9J). However, bath application of NBQX and the NMDA antagonist CPP (10 uM
each) significantly decreased the oIPSC amplitude, suggesting an additional feed-forward,
polysynaptic inhibitory component (Figure 2.9K).

Finally, we assayed the opioid sensitivity of VIPAG-driven oEPSCs and RVM-driven
oIPSCs by bath applying DAMGO (1 pM) (Figure 2.9L). Whereas vIPAG-driven oEPSCs were
only slightly suppressed, RVM-driven oIPSCs were strongly attenuated. This suggests that in the
presence of opioids, VIPAG excitatory drive to the LC remains largely intact, whereas
suppression of inhibitory synaptic transmission from the RVM is poised to disinhibit LC

neurons.

vIPAG and RVM inputs to LC modulate nociception

We next aimed to determine the contributions of these synaptic pathways to nociception
and systemic morphine antinociception. Due to the prominence of branching axons, we used a
chemogenetic loss-of-function strategy that restricts inhibition to synaptic terminals in target
structures via CNO infusion through implanted cannulas (Stachniak et al., 2014). We first
investigated the contribution of vIPAG output to the LC. After bilateral injection of AAV-DIO-
HMA4D-mCherry into the VIPAG of VGLUT2-cre mice and 3 weeks of expression, we implanted
injected mice and control uninjected wildtype mice with cannulas bilaterally over the LC.
Following recovery, mice were tested on the hot plate after bilateral infusion of either saline or
CNO (3 uM), both in an opioid-naive state and after injection of morphine (5 mg/kg, s.c.). In
wildtype mice, intra-LC infusion of CNO had no effect either in the absence or presence of

morphine (Figure 2.10A). In vIPAG/¢LUT?-cre:: HM4D mice, although intra-LC infusion of CNO
p g g
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did not alter baseline nociception, it produced a large, partial reduction in systemic morphine
antinociception (Figure 2.10B). These results indicate that vIPAG glutamatergic output to LC is
crucial for systemic morphine antinociception but may work in tandem with other descending
structures (e.g., the RVM) to achieve the full morphine effect.

We next sought to determine if RVM-to-LC inhibitory projections shape nociception. We
first challenged RVM"¢4%ere:: HM4D mice with systemic CNO to determine the effect of
inhibiting all RVM inhibitory neurons. This global inhibition had no effect on baseline
nociception or morphine (5 mg/kg) antinociception on the hot plate (Figure 2.11). In contrast,
suppression of RVM inhibitory output to the LC via local CNO infusion increased hot plate
withdrawal latencies, which is consistent with disinhibition of descending LC-NA neurons
(Figure 2.10C). Confirming this hypothesis, intrathecal phentolamine completely blocked the
resulting antinociception. Chemogenetic suppression of this pathway had no effect on morphine
antinociception, which is consistent with occlusion of MOR-mediated synaptic suppression by
HM4D activation (and vice-versa). Taken together, these pathway-specific manipulations are
consistent with direct excitation of LC by VIPAG glutamatergic neurons and tonic inhibition by
RVM inhibitory neurons that leads to opioid-driven disinhibition in the presence of opioids to

shape nociceptive behavior (Figure 2.10D).

Discussion
In this study, we establish a critical and previously underappreciated role for LC activity
in systemic morphine antinociception and delineate the synaptic mechanisms by which vIPAG

and RVM activate the LC in response to supraspinal opioid signaling. Although the LC is
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frequently included in DPMS circuit models, prior lesion studies aimed at identifying the sources
of spinal NA concluded that the LC makes only a minor contribution, which led to a focus on the
A7 nucleus (Hammond and Proudfit, 1980; Miller and Proudfit, 1990; Yeomans et al., 1992;
Holden et al., 1999; Nuseir and Proudfit, 2000). In contrast, our results establish a central role for
the LC in morphine antinociception in mice. We find that systemic morphine induces c-Fos in
LC NA neurons, consistent with neuronal activation, although other morphine-responsive
receptors, such as Gs-coupled Mas-related G protein-coupled receptors (MRGs) (Hu et al., 2019;
Yaksh et al., 2019; Hami et al., 2021) could be involved. However, this effect was also
significantly blocked by systemic opioid antagonism, pointing to a role for upstream opioid
receptors in VIPAG interneurons and/or the inhibitory RVM inputs described in this study.
Importantly, our loss-of-function manipulations indicate a major contribution of the LC to
systemic morphine antinociception. The apparent discrepancy between our findings and previous
work might be attributed to differences in the anatomy and/or neurochemistry of the DPMS in
rats and mice. Indeed, in our hands, mouse LC neurons exhibited a comparatively small opioid
response, whereas the rat LC is profoundly inhibited by opioids (Williams et al., 1982; Banghart
and Sabatini, 2012). In either case, because transgenic mice are widely used in contemporary
pain research, understanding their descending pain modulatory circuitry is of great importance.
The vIPAG has been long appreciated to contribute to morphine antinociception due to
the initial finding that local vIPAG opioid administration produces potent antinociception.
However, its role has not been unequivocally established, as lesion studies in rats arrive at
different conclusions (Yeung et al., 1975; Dostrovsky and Deakin, 1977), perhaps due to
differences in lesion protocol and the limited precision of this method. Using cell type-specific

chemogenetic loss-of-function, our work demonstrates that glutamatergic output from the vIPAG
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is critical for morphine antinociception. This is consistent with classic models of opioid-
mediated disinhibition of vVIPAG neurons that project to the RVM, which we found to send
prominent axon collaterals to the LC. This surprising finding suggests that activation of
antinociceptive projections neurons in the VIPAG recruits the LC and RVM in parallel. This
model is further bolstered by the relatively low mu opioid-sensitivity of vIPAG excitatory
synaptic transmission onto LC neurons, such that disinhibited vIPAG output should faithfully
drive LC activity in the presence of systemic MOR agonists.

Our results also reveal several distinctions between the role of NA in spinal and
supraspinal opioid antinociception. At low doses of morphine (e.g., 5 mg/kg), the antinociception
is mediated primarily by supraspinal opioid receptors, as evidenced by nearly complete loss of
systemic morphine antinociception upon chemogenetic vIPAG silencing and loss of descending
NA. In contrast, higher morphine doses (>10 mg/kg) may directly engage spinal opioid
receptors, as intrathecal phentolamine only partially blocks this antinociception. These results are
consistent with a proposed multiplicative effect of supraspinal and spinal opioids at lower
morphine doses, whereas the effect of either site can mediate antinociception at higher doses
(Yaksh and Rudy, 1977; Yeung and Rudy, 1980b, 1980a). Yet, within the spinal cord, NA-opioid
interactions are likely critical. In our data, both vVIPAG"¢LUT2-Cre:: HM3D and low-dose systemic
morphine antinociception were completely blocked by phentolamine or naltrexone. Since both
involve the vIPAG, one possibility is that spinal endogenous opioids are recruited via the RVM.
Alternatively, because the antinociception produced by intrathecal NA is blocked by intrathecal
opioid antagonists (Yang et al., 1994), NA may drive endogenous opioid release in the spinal
cord. However, neither spinal NA nor spinal opioids alone are sufficient to support the vVIPAG-

driven antinociception. Intrathecal naltrexone blocked systemic morphine antinociception at all
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doses tested, consistent with spinal opioid signaling being a critical end-point. Because
intrathecal morphine antinociception does not require spinal NA signaling, we posit that spinal
opioid receptors gate spinal NA-mediated antinociception.

Our results indicate a major role for the LC, as well as the glutamatergic vVIPAG
projections to it, in systemic morphine antinociception. However, upon inhibition of either,
abrogation of antinociception was incomplete. This suggests that other parallel descending
pathways also contribute to systemic morphine effects. A likely possibility is that vIPAG
projections to RVM contribute to morphine antinociception in a parallel and additive fashion,
taking advantage of VIPAG bifurcations to both structures. Alternatively, AS and A7 are other
sources of descending NA that may be involved in morphine antinociception. A large body of
literature supports an antinociceptive function for A7 that depends on spinal NA signaling. More
recently, A5 has been proposed to mediate diffuse noxious inhibitory control of pain downstream
of the LC (Kucharczyk et al., 2022, 2023). Both of these regions also receive anatomical inputs
from both VIPAG and RVM (Clark and Proudfit, 1991a; Bajic and Proudfit, 1999). Future
experiments are required to assess the contributions of these pathways to systemic opioid
antinociception.

Finally, our discovery of a largely inhibitory drive from RVM to LC was unexpected.
While chemogenetic inhibition of these RVM outputs specifically to LC caused spinal NA-
dependent antinociception, presumably via disinhibition of LC, inhibiting all RVM inhibitory
neurons had no effect on either opioid-naive nociception or morphine antinociception (Figure
S5). This may be due to interactions between pro- and antinociceptive RVM projections to the
spinal cord (Frangois et al., 2017; Ganley et al., 2023a). Interestingly, LC-projecting RVM

neurons do not appear to project to the spinal cord and instead send ascending projections to the
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thalamus. It is not currently clear how LC-projecting RVM neurons might fit into the canonical
On- and Off-cell framework. Additionally, how these LC-projecting RVM neurons become
activated remains to be determined.

Overall, this work establishes the LC as a central source of spinal NA that generates
systemic morphine antinociception and identifies excitatory input from vIPAG neurons as the
critical synapse that drives LC in this context. In addition, it establishes a new synaptic pathway
between the medial RVM and LC that can produce acute antinociception via disinhibition of LC-
NA neurons, leading to spinal NA release. Although this study utilized an exogenous opioid
drug, the circuit elements uncovered are likely involved in other forms of top-down descending

pain modulation that rely on endogenous opioids, such as placebo- and stress-induced analgesia.
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Materials and Methods
Animals

All procedures were performed in accordance with protocols approved by the University
of California San Diego Institutional Animal Care and Use Committee (UCSD IACUC protocol
S16171) and guidelines from the US National Institutes of Health Guide for Care and Use of
Laboratory Animals. Mice were group housed, maintained on a 12-hour reversed light/dark
cycle, and allowed ad libitum access to food and water. Experiments were performed under red
lighting during the dark period. Strains used include the following: C57B1/6J (Jackson
Laboratory stock #664), DBH-cre (MMRRC/GENSAT #032081-UCD, Tg(DBH-
cre)HK212Gsat/Mmucd), VGLUT2-IRES-cre (Jackson Laboratory stock #028863,
B6J.129S6(FVB)-Slc17a6™rotowl/Myar]), and VGAT-IRES-cre (Jackson Laboratory stock
#028862, B6J.129S6(FVB)-Slc32alm2Crelowl/Myar]). Ail4 tdTomato (Jackson Laboratory
stock #7914, B6.Cg-Gt(ROSA)?6SertmI4(CAG-dTomato)fize/ 1) and Oprm 171 (Jackson Laboratory stock
#30074, B6;129-Oprm1™!1Ce /K ffT) mice were also obtained from Jackson Labs, but bred in-
house to DBH-cre mice. Mice were used for experiments between the ages of 8-20 weeks. Both

male and female mice were used for all experiments.

Drugs

The following drugs were purchased from HelloBio: CNO (HB1807), NBQX disodium
salt (HB0443), Tetrodotoxin citrate (HB1035), GABAzine (SR 95531 hydrobromide; HB0901),
and (R)-CPP (HB0021). Naltrexone hydrochloride (N3136), naloxone hydrochloride (N7758), 4-
aminopyridine (A78403) and strychnine hydrochloride (S8753) were purchased from Sigma-

Aldrich. Morphine sulfate was purchased from Spectrum Chemicals (M1167). Phentolamine
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hydrochloride was purchased from Abcam (ab120791). DAMGO was purchased from R&D
Systems, Inc. (1171). CNV-Y-DAMGO was prepared in house, as previously reported (Ma et al.,
2023). Drugs to be injected or intracranially infused were dissolved in 0.9% saline and sterile

filtered before use.

Viral constructs

The following viruses were purchased from Addgene: AAV8-hsyn-DIO-HM4D:i-
mCherry, (Addgene 44362, titer 2.3x10'%), AAV8-hsyn-DIO-HM3Dq-mCherry (Addgene 44361,
titer 2.1x10'%), AAVretro-hsyn-cre (Addgene 105553, titer 2.1x10'%), AAVretro-Efla-FlpO
(Addgene 55637, titer 1.3x10'%). The following were made and titered in-house using Addgene
plasmids: AAVDJ-hsyn-DIO-mCherry (Addgene 50459, titer 3.5x10'2), AAVDJ-ef1a-fDIO-
EYFP (Addgene 55641, titer 2x10'"), AAVDJ-Efla-mCherry-IRES-cre (Addgene 55632, titer
4.3x10'?), AAVDJ-ef1a-DIO-ChR2(H134R)-mCherry (Addgene 20297, titer 2.55x10'%). AAV1-
FLEX-efla-taCasp3-TEVP (titer 2.1x10'%) and AAV1-CAG-FLEX-tdTomato (titer 7.6x10'2)
were both purchased from the UNC Vector Core. We received AAVDJ-CAG-DIO-Kir2.1-P2A-

zsGreen as a gift from the laboratory of Dr. Byungkook Lim.

Intrathecal injections

Intrathecal injections were performed according to the protocol detailed by Hylden and
Wilcox (Hylden and Wilcox, 1980). Acute percutaneous intrathecal injections were executed
using a 30G 1-inch needle attached to a 10 ul Hamilton syringe via polyethylene tubing. Mice
were lightly anesthetized with 2% isoflurane, the fur over their lumbar spine was removed with

electric clippers, and the skin disinfected with alternating povidone-iodine solution and isopropyl
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alcohol. While firmly holding the pelvic girdle, the needle was inserted into the skin over the
lumbar spine at a 20-degree angle. The needle was guided between the vertebrae until it entered
the spinal column, which was signified by a tail flick. Each intrathecal injection was given at a
volume of 5 pl. Mice were given at least 10-15 minutes to recover from the intrathecal injection

before behavioral testing.

Behavior assays
Thermal nociceptive behavior

Mice were habituated to a hot plate (Thermo Fisher Scientific #SP88857100) at room
temperature in a clear plastic cylinder for at least 20 minutes. During testing, mice were placed
on the hot plate at 52°C and observed for a nocifensive response (hind paw withdrawal, shaking,
licking, or jumping). Mice were immediately removed from the hot plate at the first sign of a
nocifensive response, and the time to paw withdrawal was recorded. Each trial was terminated
after a maximum of 60 seconds, even if no withdrawal occurred, to avoid tissue damage. Mice

were tested twice on the hot plate during each session with a 3-5-minute intertrial interval.

Mechanical nociceptive behavior

Mice were tested for mechanical thresholds using either the von Frey or pin prick assay.
In both cases, mice were placed in a clear cylinder on an elevated wire grid and allowed to
habituate for 20 minutes. Using the up-down method (Chaplan et al., 1994), von Frey filaments
(Ugo Basile) of varying stiffnesses were applied to each hindpaw separately, with a 3-minute
break until returning to the first paw, until a withdrawal response could be recorded and a 50%

withdrawal threshold could be calculated. The resulting threshold values (in grams) for each paw
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were averaged together to calculate the mechanical threshold for each mouse. During the pin
prick assay, a fine insect pin (size 000, ThermoFisher Scientific NC9295307) was applied to the
plantar surface of each hind paw 5 times at 5-minute intervals for a total of 10 trials. Response to
pin was calculated as the number out of 10 trials in which the mouse displayed nocifensive

withdrawal behavior.

Elevated plus maze and open field

Mice were placed on an elevated plus maze with two open and two closed arms (52 cm
diameter) and video recorded (Logitech) for a 20-minute period. The SMARTV3.0 video tracking
software (Panlab) was used to measure the percent of time spent in the open vs. closed arms of
the apparatus. Additionally, the distance traveled during the 20-minute testing period was
reported. Similarly, locomotion in the open field was tested by placing mice in a square arena (18
cm x 18 cm) for a 20-minute testing period and the SMARTV3.0 software was used to track

mouse trajectory and calculate distance traveled.

Surgeries

Before surgery, mice were deeply anesthetized by induction at 5% isoflurane, after which
anesthesia was maintained by 2% isoflurane (SomnoSuite, Kent Scientific). After mice were
placed in a stereotaxic frame (David Kopf Instruments), a midline incision was made through the
scalp following fur removal and site preparation by alternating povidone-iodine and 70%
isopropyl alcohol. 100-250 nl of virus was injected at a rate of 100 nl/min at defined stereotaxic
coordinates. The stereotaxic coordinates used for viral injections are as follows: VIPAG, angle

+10°, AP -4.60 mm, ML £ 0.32 mm, DV 2.85 mm; RVM, angle 10°, AP -7.00 mm, ML +0.26
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mm and -0.67 mm, DV 6.30 mm and 6.26 mm; LC, angle £10°, AP -5.45, ML +£0.75 mm, DV
4.10 mm. For bilateral LC cannula implants, the following coordinates were used: angle +15°,
AP -5.45 mm, ML £0.9 mm, DV 3.80 mm. Guide cannulas were 26G, included a 5 mm pedestal,
and were cut 5 mm below the pedestal. Internal cannulas were 33G and included 1 mm
projection from the end of the guide cannula (Plastics One/Protech International, Inc.). Cannulas
were secured to the surface of the skull using light-cured dental epoxy and anchored by one
screw. For all surgeries, mice were administered 5 mg/kg ketoprofen (MWI Veterinary Supply)

before the end of surgery and 24 hours later and monitored for recovery for 5 days.

Brain slice preparation

Mice were anesthetized with isoflurane before rapid decapitation. Brains were removed,
blocked, and mounted in a VT1000s vibratome (Leica Instruments). Coronal midbrain slices
(190 um) containing the LC were prepared in ice-cold choline-based artificial cerebrospinal fluid
containing 25 mM NaHCO3, 1.25 mM NaH;POys, 2.5 mM KCI, 7 mM MgCl, 25 mM glucose,
0.5 mM CaCl, 110 mM choline chloride, 11.6 mM ascorbic acid, and 3.1 mM pyruvic acid,
equilibrated with 95% 02/5% CO:x. Slice were transferred to 32°C oxygenated artificial
cerebrospinal fluid (ACSF) containing 125mM NaCl, 2.5 mM KCI, 25 mM NaHCO3, 1.25 mM
NaH>PO4, 2 mM CaCl,, 1 mM MgCl,, and 10 mM glucose, osmolarity 290. Slices were

incubated for 20 minutes, then brought to room temperature before recording.

Slice Electrophysiology
Slice physiology experiments were performed in a chamber continuously perfused with

warmed (32°C) ACSF equilibrated with 95% 02/5% CO.. Recording pipettes were pulled from
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borosilicate glass on a P-1000 Flaming/Brown micropipette puller (Sutter Instruments) to a
resistance of 1-3.5 MQ. Recordings were made with an Axopatch 700B amplifier (Axon
Instruments) and data sampled at 10 kHz, filtered at 3 kHz, and acquired using National
Instruments acquisition boards and a custom version of Scanlmage written in MATLAB
(MathWorks). LC neurons were visually identified and confirmed to exhibit tonic action
potential spiking of ~1.5 Hz. Recordings were biased toward the ventral portion of LC on each
coronal slice. Recordings of action potential spiking were made in current clamp with patch
pipettes filled with an internal solution containing 135 mM KMeSO3, 5 mM KCl, 5 mM HEPES,
4 mM MgATP, 0.3 mM NaGTP, 10 mM phosphocreatine, and 1.1 mM EGTA (pH 7.25, 290
mOsm kg!). Firing rate vs. current input (f-I) curves were constructed using 1-second steps of
direct current input (-100, 50, 100, 150, 200, 250, 300 pA) 10 seconds apart. The effect of CNV-
Y-DAMGO circulating in the bath on spiking was determined by presenting a single 50 ms flash
of UV light (365 nm LED, 84 mW, pE-300ultra, CoolLED) and recording tonic spiking for 20
seconds before and 100 seconds after the flash. Firing rate in the 10 seconds before and after the
flash, latency to spike after the flash as a measure of the pause in action potential firing, and the
change in membrane potential after the flash were measured. For the effect of optogenetically-
mediated excitation of inputs to LC on tonic spiking, 50x2 ms pulses of blue light (470 nm, 18
mW, pE-300ultra LED) at 25 Hz for a total of 2 seconds were delivered. The firing rate in the 2
seconds before and 2 seconds during blue light stimulation were used to compare light-evoked
excitation or inhibition.

Recordings of evoked postsynaptic currents were made in voltage clamp with patch
pipettes filled with an internal solution containing 135 mM CsMeSO3, 3.3 mM QX314 CI salt,

10 mM HEPES, 4 mM MgATP, 0.3 mM NaGTP, 8 mM phosphocreatine, and 1 mM EGTA (pH
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7.2-7.3, 295 mOsm kg!). Cells were rejected if holding currents became more negative than -
200pA or if series resistance exceeded 25 MQ. Recordings of opioid-evoked currents were
recorded in the presence of NBQX (10 uM), CPP (10 uM), GABAzine (20 uM), and strychnine
(10 uM) to eliminate synaptic currents. As in current clamp, CNV-Y-DAMGO was
photoactivated by a single 50 ms flash of UV light. While recording optogenetically-evoked
EPSCs and IPSCs in LC neurons, ChR2 terminals were stimulated with a single 5 ms flash of
blue light. Initial characterization of oEPSCs and oIPSCs was done in the absence of synaptic
blockers and each current was isolated by holding the LC neuron at -70 mV or 0 mV,
respectively. Further pharmacological verification of evoked currents was performed with AMPA
blocker NBQX (10 uM), NMDA blocker CPP (10uM), GABA-A receptor blocker GABAzine
(SR 95531, 20uM), glycine receptor blocker strychnine (10 uM), sodium channel blocker TTX
(1 uM), and potassium channel blocker 4-aminopyridine (100 uM). Opioid sensitivity of evoked
postsynaptic currents was assessed by bath perfusion of mu-opioid receptor agonist DAMGO (1

uM). All electrophysiology data were processed in Igor Pro (Wavemetrics).

Fluorescent in situ hybridization (FISH)

FISH was performed either in naive wild type mice or in mice bilaterally injected in
RVM with green retrobeads (Lumafluor, Inc.). Mice were deeply anesthetized and decapitated.
Brains were quickly removed and frozen in Tissue-Tek OCT medium (Sakura) on dry ice until
completely solid. Brain slices (8 um) were prepared on a cryostat (Leica CM 1950) and adhered
to SuperFrost Plus slides (VWR). Samples were fixed with 4% paraformaldehyde and processed
according to instructions in the ACD Bio RNAscope Fluorescent Multiplex Assay (Fluorescent

Reagent Kit v2) manual and cover slipped with ProLong antifade media (Molecular Probes).
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Images were taken on a Keyence microscope (BZ-X710) using a 60x 1.4 NA oil immersion
objective configured for structured illumination microscopy. Puncta counting in FISH images

was completed using a custom pipeline designed in CellProfiler.

Histology

For all other mice, brains were fixed using chilled 4% paraformaldehyde in phosphate
buffered saline (PBS) by transcardial perfusion and cryoprotected in 30% sucrose in PBS
solution. In some cases, spinal cords were also removed and processed in the same fashion. Brain
slices (40 um) were prepared on a freezing microtome (ThermoFisher Scientific Microm
HM450). For sections selected for immunohistochemistry, slices were blocked in PBS-Triton
(0.3% TritonX-100 in 1x PBS) with 5% donkey or goat serum for 1 hour at room temperature.
Incubation in primary antibodies occurred in PBS-Triton plus 1% serum at 4°C for 24-72 hours.
Following 3 10-minute wash steps in PBS, the slices were incubated in PBS-Triton plus 1%
serum with secondary antibodies for 4 hours at room temperature. After 3 more wash steps,
slices were mounted and cover slipped with mounting media containing DAPT (Vector
Laboratories, H1200). Primary antibodies (1:500) used include rabbit anti-c-Fos (9F6) (#2250,
Cell Signaling Technology), rabbit anti-tyrosine hydroxlase (AB152, EMD Millipore), and
mouse anti-tyrosine hydroxylase (T2928, Sigma). Secondary antibodies used include Alexa Fluor
488 Donkey anti-rabbit, Alexa Fluor 555 donkey anti-mouse, Alexa Fluor 488 goat anti-rabbit
and Alexa Fluor 555 goat anti-rabbit (1:500, Invitrogen). After mounting, slices were imaged on
a Keyence microscope (BZ-X710) at 2x, 10x, or 20x magnification. Cell counts and

quantification of fluorescent colocalization were performed using custom pipelines in Cell
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Profiler. Pixel intensity analysis was performed in Image J, z-scores calculated in Microsoft

Excel, and resulting values graphed in GraphPad Prism.

Statistics

Data in each figure are presented as mean = SEM and individual data points from
experimental replicates are plotted in most cases. Statistical analyses were performed in
GraphPad Prism. The test performed, number of experimental replicates, mean + SEM for each
condition, statistics provided by ANOVA and two-way ANOVA tests for each variable, and p-
values for the overall test are provided in the figure legend. Individual p-values resulting from
post hoc tests to correct for multiple comparisons appear in the figures. Repeated measures
within individual replicates were taken into account where applicable based on experimental
design. Data were tested for normality using the Shapiro Wilk test, and non-parametric statistics
were used when necessary and possible. In certain cases, when multiple conditions included
different numbers of experimental replicates, a mixed-effects model was used in place of a two-
way ANOVA. Raw data for each graph as well as the results of statistical tests are available in

the Source Data spreadsheet.
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Figure 2.1. Intrathecal noradrenergic and opioidergic antagonists attenuate systemic morphine
antinociception.

A. Schematic of intrathecal and systemic injection combinations and morphine doses. B. Hot plate (52°C)
withdrawal latencies resulting from increasing doses (0, 5, 12, 20 mg/kg) of subcutaneous morphine
grouped by intrathecal antagonist administered (saline vs. 5 pg phentolamine vs. 5 pg naltrexone;
ordinary two-way ANOVA with post hoc Tukey’s multiple comparisons test; intrathecal drug effect,
p<0.0001, F(2,81)=95.35; morphine dose effect, p<0.0001, F(3,81)=56.61; interaction, p<0.0001,
F(6,81)=16.75). C. Same data as in B from intrathecal saline and phentolamine groups organized by
systemic morphine dose to facilitate comparisons at each dose (ordinary two-way ANOVA with post hoc
Sidak’s multiple comparisons test; intrathecal drug effect, p<0.0001, F(1,52)=63.07; morphine dose
effect, p<0.0001, F(3,52)=50.55; interaction, p=0.0002, F(3,52)=8.037). D. Schematic of intrathecal
coadministration of morphine (2.5 ug) or saline with saline, phentolamine (5 pg) or naltrexone (5 pg). E.
Hot plate withdrawal latencies before (white) and after (blue: saline, red: phentolamine, green:
naltrexone) intrathecal injection of morphine and antagonist (pre- vs. post-intrathecal injection, n=9 pairs
each, two-sided Wilcoxon matched-pairs signed rank test; post-intrathecal morphine + saline vs. post-
intrathecal morphine + phentolamine, n=9 saline, n=9 phentolamine, two-sided Mann-Whitney test). F.
Hot plate withdrawal latencies before (white) and after (light blue: saline, pink: phentolamine, light green:
naltrexone) intrathecal injection of saline and antagonist (pre- vs. post-intrathecal injection, n=6 pairs
each, two-sided Wilcoxon matched-pairs signed rank test). All bar graphs depict mean = SEM and include
individual experimental replicate values.
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Figure 2.2. LC activity is required for systemic morphine antinociception.

A. Subcutaneous saline, 10 mg/kg morphine, and 10 mg/kg morphine + 10 mg/kg naloxone injections
and representative images of resulting c-Fos (green) immunohistochemistry in DBH-cre: :tdTom mice.
Scale bars 150 um. B. Percentage of DBH-positive LC neurons that colocalize with green c-Fos signal
(5-8 LC images analyzed per mouse; n=6 saline, n=6 morphine, n=4 morphine + naloxone; saline = 29.9
* 5.1%, morphine = 71.0 £ 4.5%, morphine + naloxone = 47.9 + 4.2%; Ordinary One-way ANOVA with
post hoc Tukey’s multiple comparisons test, p<0.0001, F(2,13) = 20.97)). C. Left: representative traces of
CNV-Y-DAMGO light-evoked uncaging (purple arrows: 50 ms, 365 nm LED, 84 mW) during current
clamp (top) and voltage clamp (bottom) recordings in whole cell patch clamp from LC neurons in wild
type mice. Right: LC neuron opioid response characterized by change in membrane potential after light
flash, pause in firing calculated as latency to first spike after light flash, tonic firing rate during the 10
seconds before and 10 seconds after light flash (p<0.0001, two-sided Wilcoxon matched-pairs signed rank
test), and evoked outward current amplitude (n=16 cells each). D. f-I curves recorded from LC neurons in
wild type mice before and after bath application of 1 uM DAMGO (n=7 cells; two-sided Wilcoxon
matched-pairs signed rank test at 50 pA, 100 pA, 150 pA, and 200 pA). E. Injection schematic,
representative images and quantification of neuronal ablation of mice after bilateral injection of AAV-
DIO-Casp3 in LC (n=11 DBHcre:TdTom, n=15 TdTom control; DBH-cre =79 £ 15 cells , control = 2376
1 137 cells; two-sided Mann-Whitney test). F. Left, hot plate paw withdrawal latencies of control and
DBH-cre mice following subcutaneous administration of 0, 5, and 10 mg/kg morphine (Two-way repeated
measures ANOVA with post hoc Sidak’s multiple comparisons test; n=11 DBHcre.:TdTom n=15 TdTom
control; morphine dose effect, p<0.0001, F(1.365,32.75)= 78.80, genotype effect, p=0.0006,
F(1,24)=15.67, morphine dose x genotype interaction, p=0.0004, F(2,48)=9.328). Right, Response to 10
hind paw pin pricks following morphine administration (Two-way repeated measures ANOVA with post
hoc Sidak’s multiple comparisons test; n=11 DBHcre:TdTom n=15 TdTom control; morphine dose effect,
p<0.0001, F(1.690,40.56)=72.20, genotype effect, p=0.0006, F(1,24)=15.52, morphine dose x genotype
interaction, p=0.0037, F(2,48)=6.294). G. Top, Slice electrophysiology recordings from Kir2.1-positive
and -negative LC neurons. Bottom, representative traces of tonic AP firing in control vs. Kir2.1-
expressing neurons. H. Left, resting membrane potential of control vs. Kir2.1-expressing neurons (n=10
Kir2.1-positive, n=9 control; Kir2.1 RMP =-70.1 £ 3.0 mV, control RMP = -46.9 £ 2.4mV, two-sided
Mann-Whitney test). Right, tonic AP firing rate of control vs. Kir2.1-expressing neurons (Kir2.1 tonic
firing rate = 0.006 = 0.006 Hz, control tonic firing rate = 1.61 = 0.25 Hz, two-sided Mann-Whitney test).
L. Left, f-I curves of control vs. Kir2.1-expressing neurons for 7 current steps (n=10 Kir2.1-positive, n=9
control; two-sided Mann-Whitney test). Right, representative traces of evoked AP firing from a control
(grey) and a Kir2.1-expressing (green) neuron at 50 pA (top) and 200 pA (bottom) current steps. J.
Injection schematic, representative image of zsGreen expression in the LC of a DBH-cre::tdTom mouse
(scale bar = 150 um) and quantification of viral coverage given as % tdTom LC neurons labeled by
zsGreen (n=12 DBHcre:TdTom, n=13 TdTom control; control = 1.2 + 0.3%, DBH-cre = 79.0 £ 2.0%; two-
sided Mann-Whitney test). K. Left, hot plate paw withdrawal latencies of control and DBH-cre mice
following 0, 5, and 10 mg/kg morphine, s.c. (Two-way repeated measures ANOVA with post hoc Sidak’s
multiple comparisons test; n= 12 DBHcre: TdTom, n=13 TdTom control; hot plate: morphine dose effect,
p<0.0001, F(1.092,25.11)=46.27, genotype effect, p=0.001, F(1,23)=14.30, morphine dose x genotype
interaction, p=0.013, F(2,46)=4.790). Right, Response to 10 hind paw pin pricks following morphine
(Two-way repeated measures ANOVA with post hoc Sidak’s multiple comparisons test; n= 12
DBHcre:TdTom, n=13 TdTom control; morphine dose effect, p<0.0001, F(1.695,38.99)=58.23, genotype
effect, p=0.0004, F(1,23)=17.20, morphine dose x genotype interaction, p=0.0044, F(2,46)=6.131). Data
in each graph reported as mean = SEM.
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Figure 2.3. MORs in LC are not responsible for morphine induced activity changes or behavior.

A. Top: 10 mg/kg, s.c. morphine injections in DBH-cre::Oprm "' mice and control Oprm " littermates.
Bottom: Representative images of morphine-induced c-Fos expression (green) and immunhistochemical
TH LC labeling (red). B. Percentage of TH+ LC neurons that colocalize with green c-Fos signal (5-8
images analyzed per mouse; n=10 DBH-cre::Oprm™ n=12 Oprm™"; DBH-cre::Oprm1™" =77.6 +
3.5%, Oprm ™ =72.7 + 3.5%; p=0.38, two-sided Mann-Whitney test). C. Hot plate withdrawal latencies
compared between DBH-cre::Oprm ™" and Oprm "' littermates at 0, 5, and 10 mg/kg doses of morphine,
s.c. (Mixed effects analysis with post hoc Sidak’s multiple comparisons test; baseline n=18 DBH-
cre::Oprm ™ n=18 OprmI™"; 5 mg/kg morphine n=13 DBH-cre::Oprm "™, n=11 Oprm""; 10 mg/kg
morphine n=9 DBH-cre::Oprm ™", n=11 Oprm""; morphine dose effect, p<0.0001, F(1.261,
25.22)=50.93; genotype eftect, p=0.835, F(1,34)=0.044; morphine dose x genotype interaction, p=0.88,
F(2,40)=0.1283). D. Representative images of fluorescent in sifu hybridization of LC with probes against
TH (green) and OPRM1 (red). E. Quantification of the percentage of TH+ LC neurons that express
OPRM]1 transcripts.
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Figure 2.4. LC ablation or silencing does not affect baseline anxiety behavior or locomotion on the
elevated plus maze.

A. Left: percentage of time spent in different sections of the elevated plus maze (EPM) during a 20
minute session in DBH-cre::tdTom and control 7d7om mice injected with AAV-DIO-Casp3 (same cohort
that underwent hot plate and pin prick behavior in Figure 2.2F; Two-way repeated measures ANOVA with
post hoc Sidak’s multiple comparisons test; n=11 DBH-cre mice, n=15 control; genotype effect, p=0.489,
F(1,24)=0.4934). Right: distance traveled during the 20-minute EPM session (two-sided Mann-Whitney
test). B. Same as in A, but for AAV-DIO-Kir2.1-zsGreen-injected mice from Figure 2.2J-K. Left: Two-
way repeated measures ANOVA with post hoc Sidak’s multiple comparisons test; n=12 DBH-cre mice,
n=13 control; genotype effect, p=0.386, F(1,23)=0.7797. Right: two-sided Mann-Whitney test.
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Figure 2.5. vIPAG activity is required for systemic morphine antinociception and drives spinal NA-
dependent antinociception.

A. Bilateral AAV-DIO-HM4Di-mCherry injections in VIPAG of VGLUT2-cre mice with representative
image of viral expression. Scale bar 500 um. B. Left, hot plate withdrawal latencies of VIPAG" V"%
“¢::HM4D mice administered 3 mg/kg CNO, i.p. vs. saline without (light green bars) and with 5 mg/kg
morphine, s.c. (dark green bars) (Two-way repeated measures ANOVA with post hoc Tukey’s multiple
comparisons test; n=13 mice; sal vs. CNO effect, p<0.0001, F(1,12)=56.93, morphine effect, p<0.0001,
F(1,12)=43.25, morphine x CNO interaction, p=0.048, F(1,12)=4.837). Right, hot plate withdrawal
latencies of non-virus injected C57 controls (Two-way repeated measures ANOVA with post hoc Tukey’s
multiple comparisons test; n=9 mice; sal vs. CNO effect, p=0.32, F(1,8)=1.143, morphine effect,
p<0.0001, F(1,8)=75.02). C. Bilateral AAV-DIO-HM3Dqg-mCherry injections in VIPAG of VGLUT2-cre
mice and combinations of systemic CNO (3 mg/kg, i.p.) with intrathecal antagonists and representative
image of viral expression. Scale bar 500 pm. D. Left, hot plate withdrawal latencies after systemic saline
or CNO and intrathecal saline, phentolamine (5 pg), or naltrexone (5 pug) (Friedman test with post hoc
Dunn’s multiple comparisons test, n=12 subjects, p<0.0001, Friedman statistic = 26.40). Right, von Frey
mechanical thresholds (Friedman test with post hoc Dunn’s multiple comparisons test, n=12 subjects,
p=0.0001, Friedman statistic = 21.00). E. Representative images of c-Fos immunohistochemistry in TH-
positive LC neurons of vVIPAG"““UT>:: HM3D mice after systemic injection of saline (top) or CNO
(bottom). Right, % of TH-positive LC neurons that colocalize with green c-Fos signal (5-8 images
analyzed per mouse; n= 6 saline, n=5 CNO; saline = 4.8 £ 1.1%, CNO = 79.6 £ 3.6%, two-sided Mann-
Whitney test). Data in each graph reported as mean = SEM.
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Figure 2.6. Chemogenetic PAG activation leads to decreased locomotion that can be decoupled from
antinociception.

A. Distance traveled (m) during a 30-minute open field session after systemic injection of saline or CNO
(3 mg/kg, i.p.) with intrathecal saline, phentolamine (5 pg), or naltrexone (5 pg) in vVIPAGYS-VT
“°::HM3D mice (Repeated measures one-way ANOVA with post hoc Tukey’s multiple comparisons test,
p<0.0001, F(2.467, 12.33)=392.1). B. LC c-Fos expression induced by 3 mg/kg, i.p. CNO injection in
uninjected wild type mice expressed as % TH+ LC neurons that colocalize with c-Fos. Dashed lines

represent the average c-Fos induction by CNO and saline in the LC of vVIPAGY®YT*::HM3D mice in
Figure 2.5E.
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Figure 2.7. Anatomical characterization of inputs to LC from vIPAG and RVM.

A. Injection of AAV-DIO-tdTom in VIPAG of VGLUT2- or VGAT-cre mice. B. Injection site in VGLUT2-
cre mouse. C. VIPAG glutamatergic terminals (red) in pericoerulear region defined by TH
immunohistochemistry (green). Delineations taken from the Paxinos & Franklin Brain Atlas show that the
pericoerulear terminals are largely targeted to the medial Barrington’s nucleus. D. Injection site in VGAT-
cre mouse. E. vIPAG GABAergic/glycinergic terminals in pericoerulear region. B-E. Scale bars 300 um.
F. Quantification of red (VIPAG glutamatergic terminals) and green (LC TH immunohistochemistry) pixel
intensity in the LC and pericoerulear region normalized by z-score to account for fluorescence differences
between animals and during imaging (n=6 LC slices from n=3 mice each). G. Same as F for vIPAG
GABAergic/glycinergic terminals. H. Left: injections of AAVretro-cre in LC and AAV-DIO-mCherry in
VvIPAG of wild type mice to capture LC-projecting VIPAG neurons. Center: image of mCherry+ vIPAG
neurons captured. Right: resulting terminals captured in LC and RVM. Scale bars 500 pum. I. Same as H
for vIPAG neurons that project to RVM. Scale bars 500 pm. J. Left: Orthogonal recombinase strategy to
label vIPAG neurons that project to RVM and LC. Center: representative image of mCherry (red) and
YFP (green) viral labeling in vVIPAG with neurons co-expressing both fluorophores appearing yellow.
White arrows indicate examples of double labeled neurons. Scale bar 300 pm. Right: quantification of
mCherry and YFP labeling in vIPAG. K. Injection of AAV-DIO-tdTom in RVM of VGLUT2- or VGAT-cre
mice. L. Injection site in VGLUT2-cre mouse. M. RVM glutamatergic terminals (red) in LC and
pericoerulear region defined by TH immunohistochemistry (green). N. Injection site in V'GAT-cre mouse.
0. RVM GABAergic/glycinergic terminals in LC and pericoerulear region. L-O. Scale bars 300 um. P.
Quantification of RVM glutamatergic terminals by pixel intensity z-score similar to F (n=6 LC slices from
n=3 mice each). Q. Same as P for RVM GABAergic/glycinergic terminals. R. Quantification of red pixel
intensity normalized by z-score across the dorsal to ventral axis of LC for all four projection origin and
cell type combinations (n=6 LC slices from n=3 mice each). S. Injections of AAVretro-cre in LC and
AAV-DIO-tdTom in RVM of wild type mice to capture LC-projecting RVM neurons. T. tdTom+ RVM
neurons captured. U. Resulting terminals (red) captured in LC (green) and pericoerulear region. Scale bar
300 um. V. tdTom+ fibers located in bilateral parafascicular nucleus of the thalamus. Scale bar 1mm.
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Figure 2.8. vIPAG sends GABAergic projections to RVM.

A. Representative image of glutamatergic terminals in RVM (red) of a VGLUT2-cre mouse injected in
VIPAG with AAV-DIO-tdTom. Scale bar 300 pm. B. Representative image of GABAergic/glycinergic
terminals in RVM (red) of a ¥GAT-cre mouse injected in VIPAG with AAV-DIO-tdTom. Scale bar 300
um. C. Representative image of results from the retro-FISH method depicting vIPAG with colocalization
of retrobeads from RVM (green) and GAD1/2 transcripts (white) within a single neuron, as well as nearby
neurons expressing VGLUT/2 transcripts (red). Scale bar 10 pm. D. Quantification of VGLUT1/2 and
GAD1/2 expression within retrobead-labeled vIPAG neurons.
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Figure 2.9. Electrophysiological characterization of inputs from vIPAG and RVM to LC.

A. Top, viral injection of ChR2 into VIPAG for LC slice electrophysiology. Bottom, representative trace of
tonic spiking before, during, and after a 2 second blue LED stimulus (470 nm, 50x2 ms pulses at 25 Hz,
18 mW). B. Left, firing rate before and during the light stimulus for 20 LC neurons (baseline = 2.4 + 0.4
Hz, light on = 9.1 £ 1.0 Hz; two-sided Wilcoxon matched-pairs signed rank test). Right, recorded neurons
were categorized as “excited” (a z-score of spiking during vs. before light >2), “inhibited” (a z-score of
spiking during vs. before light < -2), or “not modulated.” C. Top, viral injection of ChR2 into RVM for
LC slice electrophysiology. Bottom, representative trace of tonic spiking before, during, and after the blue
LED stimulus. D. Left, firing rate before and during the blue light stimulus for 20 LC neurons (baseline =
2.3 £ 0.2 Hz, light on = 1.3 £ 0.3 Hz; two-sided Wilcoxon matched-pairs signed rank test). Right,
categorization of recorded LC neurons as “excited”, “inhibited”, or “not modulated.” E. Left, proportions
of LC neurons in which optically-evoked EPSCs, EPSCs and IPSCs or no evoked currents were present
when stimulating VIPAG terminals (470nm, 1 x 5 ms pulse, 18 mW). Middle, representative example of
oEPSC and oIPSC recorded in a single LC neuron via electrical isolation. Right, peak amplitude of
oEPSCs and oIPSCs driven by VIPAG terminal stimulation (0EPSCs = -177.8 £ 40.6 pA, oIPSCs =-0.52
1 12.7 pA, n=12 neurons). F. Left, proportions of LC neurons in which optically-evoked EPSCs, IPSCs,
both EPSCs and IPSCs or no evoked currents were present when stimulating RVM terminals. Middle,
representative example of oEPSC and oIPSC recorded in a single LC neuron via electrical isolation.
Right, peak amplitude of oEPSCs and oIPSCs driven by RVM terminal stimulation (0EPSCs =-117.7
39.9 pA, oIPSCs =466.6 = 79.5 pA, n=12 neurons). G-K. Top, summary bar graphs of oEPSC/IPSC
amplitude. Bottom, representative examples. G. vVIPAG-driven oEPSC amplitude before and after bath
application of NBQX (10 uM) (ACSF =-337.1 £ 88.0 pA, tNBQX =-4.9 £ 4.4 pA; two-sided paired t-
test: t=3.950, n=4 pairs). H. vVIPAG-driven oEPSC amplitude before and after bath application of TTX (1
uM) and subsequent application of 4-AP (100 uM) (+TTX =-2.9 + 1.5 pA, +TTX & 4-AP=-288.5 +
98.4 pA; two-sided paired t-test: t=2.926, n=5 pairs). I. RVM-driven oIPSC amplitude before and after
bath application of GABAzine (20 uM) and additional application of strychnine (10 uM) (ACSF = 636.3
+ 154.9 pA, +GABAzine = 286.6 + 100.8 pA, +GABAzine & strychnine =-2.5 = 1.7 pA; Repeated
Measures One-way ANOVA with Dunnett’s multiple comparisons test, p=0.013, F(1.087,4.348)=16.32,
n=5 cells). J. RVM-driven oIPSC amplitude before and after bath application of TTX (1 uM) and
subsequent application of 4-AP (100 pM) (+TTX =13.1 £ 9.8 pA, +TTX & 4-AP =443.9 £ 164.6 pA;
two-sided Wilcoxon matched-pairs signed rank test, n=6 pairs). K. RVM-driven oIPSC amplitude before
and after bath application of NBQX (10 uM) + CPP (10 uM) (ACSF = 309.6 + 36.1 pA, +NBQX/CPP =
207.6 £ 35.8 pA; two-sided paired t-test: t=6.976, n=7 pairs). L. Top, example traces of RVM oIPSCs
(blue) and vIPAG oEPSCs (red) before and after bath application of DAMGO (1 uM; black). Bottom,
opioid sensitivity reported as % suppression of amplitude by DAMGO (RVM oIPSC =47.6 £ 7.0%, PAG
oEPSC = 11.4 £+ 4.2%; two-sided unpaired t-test: t=3.785, n=8 RVM IPSC, n=5 PAG EPSC). All
summary data reported as mean £ SEM.
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Figure 2.10. Pathway specific modulation of vIPAG and RVM terminals in LC modulates
nociceptive behavior.

A. Left: cannula placement over bilateral LC of uninjected C57 control mice. Right: hot plate withdrawal
latencies of control mice microinfused in LC with saline (150nl) vs. CNO (3 uM 150nl) without (light
grey) and with 5 mg/kg morphine, s.c. (dark grey; Two-way repeated measures ANOVA with post hoc
Tukey’s multiple comparisons test; n=8 mice; sal vs. CNO effect, p=0.4178, F(1,7)=0.7412, morphine
effect, p=0.0001, F(1,7)=57.98; morphine x CNO interaction, p=0.58, F(1,7)=0.3434). B. Left: viral
injection of AAV-DIO-HM4Di-mCherry in bilateral vIPAG of VGLUT2-cre mice with cannula placement
over bilateral LC. Right: hot plate withdrawal latencies after microinfusion with saline vs. CNO without
(light green) and with Sm/kg morphine, s.c. (dark green; Two-way repeated measures ANOVA with post
hoc Sidak’s multiple comparisons test; n=12 mice; sal vs. CNO effect, p=0.0022, F(1,11)=15.72,
morphine effect, p=0.0003, F(1,11)=27.60; morphine x CNO interaction, p=0.0106, F(1,11)=9.456). C.
Left: viral injection of AAV-DIO-HM4Di-mCherry in bilateral RVM of VGAT-cre mice with cannula
placement over bilateral LC. Right: hot plate withdrawal latencies after microinfusion of saline vs. CNO
(blue bars n=12 mice), microinfusion of CNO with intrathecal injections of saline vs. phentolamine (5ug,
light blue bars, n=9 mice), and microinfusion of saline vs. CNO with 5 mg/kg morphine, s.c. (dark blue,
n=12 mice; Mixed effects analysis with matching across row and post hoc Tukey’s multiple comparisons
test, p<0.0001, F(2.560,25.09)=27.36). D. Circuit diagram of DPMS inputs to LC and their opioid
sensitivity. Data in each graph reported as mean = SEM.
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Figure 2.11. Inhibition of RVM GABAergic neurons does not affect baseline pain behavior or
morphine antinociception.

A. Viral injections of AAV-DIO-HM4Di-mCherry into bilateral RVM of VGAT-cre mice. B. Hot plate
withdrawal latencies of RVM"“4"*::HM4D mice administered 3 mg/kg CNO, i.p. vs. saline without
(light blue) and with 5 mg/kg morphine, s.c. (dark blue bars, Two-way repeated measures ANOVA with
post hoc Tukey’s multiple comparisons test; n=12 mice; saline vs. CNO effect, p=0.725, F(1,11)=0.1307,
morphine effect, p<0.0001, F(1,11)=36.62, morphine x CNO interaction, p=0.60, F(1,11)=0.2897).

Chapter 2, in full, has been submitted for publication of the material as it may appear in Science
Advances, 2024, Lubejko, Susan T.; Livrizzi, Giulia; Patel, Janki; Yung, Jean C.; Yaksh, Tony
L., Banghart, Matthew R. “Inputs to the locus coeruleus from the periaqueductal gray and
rostroventral medulla shape opioid-mediated descending pain modulation.” The dissertation

author was the primary researcher and author of this paper.
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CHAPTER 3: Activity measurements correlate descending pain modulatory structures in

noradrenaline-mediated pain modulation

Introduction

Activity measurements via calcium imaging from neurons in awake, behaving animals
allow for the identification of brain regions that respond to and coordinate complex behaviors.
Chapter 2 of this dissertation demonstrates the importance of LC activity, and resulting spinal
noradrenaline release, in the expression of systemic morphine antinociception, as well as the
antinociception driven by activation of VIPAG as the driver of downstream DPMS activity.
While this study utilized a variety of powerful techniques, such as pharmacology, behavior,
anatomy, and electrophysiology, it did not investigate the activity of circuit elements uncovered
in awake animals experiencing opioid administration or acute pain. This current study endeavors
to further investigate the activity of the LC, as well as excitatory inputs to LC from vIPAG
posited to drive a large portion of the descending NA from the LC, under these conditions.

As mentioned in Chapter 2, a significant paradox exists regarding how LC activity might
be modulated by opioid administration. Seminal slice electrophysiology work in rats
demonstrates that LC is profoundly inhibited by opioids due to high expression of the mu-opioid
receptor, which couples to G protein-coupled inwardly rectifying potassium channels (Williams
et al., 1982; Banghart and Sabatini, 2012). However, stimulation of the ventral portion of LC
produces spinal NA-dependent antinociception (West et al., 1993), and our own work in mice in
Chapter 2 of this dissertation implies that LC must be activated by opioids to produce full
morphine antinociception as evidenced by increased c-fos expression in LC after systemic

morphine, as well as the suppression of morphine antinociception on acute pain assays after LC
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silencing or ablation. Calcium imaging studies, however, will provide unequivocal evidence of
this activity increase and are therefore endeavored here.

Calcium imaging using the calcium indicator GCaMP and fiber photometry via implanted
optical cannulas of the NAergic neurons of the LC has been performed in a number of
publications on diverse behaviors such as fear memory formation, maternal behavior, and
hedonic responses (Chen et al., 2021; Dvorkin and Shea, 2022; Wilmot et al., 2022). To our
current knowledge, however, there is only one study investigating LC NAergic neuron activity in
response to acute noxious stimuli (Moriya et al., 2019). In this study, LC activity increased upon
stimulus onset and persisted for a few seconds after a pinch or heated probe applied to the tail. In
contrast, gentle touch and low heat produced no change in LC activity. Additionally, there are no
studies that investigate calcium responses during active behavior in the glutamatergic vVIPAG
inputs to LC.

In this study, we use fiber photometry to measure calcium dynamics of LC NAergic
neurons and glutamatergic VIPAG neurons that project to LC. Our findings confirm increased LC
activity in response to opioids, as well as noxious stimulation-produced LC and PAG-to-LC
calcium activity that may be responsible for downstream release of NA in the spinal cord to

modulate incoming pain signals.

Results
Locus coeruleus noradrenergic neurons are activated by systemic morphine

In Chapter 2 of this dissertation, we report that mouse LC neurons express the mu-opioid
receptor, which typically inhibits neuronal activity upon ligand binding. However, LC c-Fos

expression increases upon systemic morphine administration, and LC activity is required for the
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full expression of systemic opioid antinociception. To unequivocally demonstrate the response of
LC NAergic neurons to systemic morphine administration, we performed fiber photometry
activity measurements in DBH-cre mice transduced with AAV-DIO-GCaMP8s and implanted
with an optical cannula in the right LC (Figure 3.1A). After subcutaneous injection of 10 mg/kg
morphine, LC calcium activity increases from baseline within minutes of injection, whereas this
increase was not seen when mice were injected with the vehicle saline (Figure 3.1B). This
difference was captured as a significantly increased area under the curve in the morphine

condition versus saline (Figure 3.1C).

Locus coeruleus noradrenergic neurons respond to noxious stimuli

To monitor LC NAergic neuron activity during presentation of a variety of modalities of
noxious stimuli, we used fiber photometry calcium imaging through an implanted cannula of
DBH-cre mice transduced with AAV-DIO-GCaMPS8s in LC (Figure 3.2A). First, we recorded
neural activity from mice on the Hargreaves apparatus to assess LC response to thermal heat.
Each mouse was tested at 50% light intensity, which caused a paw withdrawal response at an
average of 2.77 seconds, and 10% intensity as a relatively non-noxious control. In both cases, LC
neurons exhibited a large ~1.5 second “salience” response to the onset of the visible light
produced by the Hargreaves apparatus that was significantly larger in the brighter 50% intensity
condition. Subsequently, LC activity increased until the paw withdrawal and then quickly
decayed to baseline in response to the noxious heat stimulus. In contrast, after the salience
response, LC activity remained at baseline in response to the non-noxious 10% intensity heat

stimulus (Figure 3.2B-C).
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Next, mice were challenged with application of single drops of acetone on each hindpaw
(or room temperature water as a control) to assay the LC response to a cold thermal stimulus. LC
activity increased to a higher peak and exhibited a longer elevation above baseline when the
mouse was presented with acetone than the water control (Figure 3.2D-E). Finally, LC calcium
activity was recorded in response to pin prick or light touch with a 0.16g von Frey filament
applied to the hindpaw. In this case, the fluorescence change was short-lived and was slightly but
significantly larger in response to the noxious pin prick stimuli (Figure 3.2F-G). In all assays,
we did not find a difference in the amplitude or pattern of calcium activity when the stimuli were
placed on the ipsilateral or contralateral hindpaw. Therefore, we pooled trials from both
hindpaws together. Taken together, these results suggest that LC encodes a salience response and
subsequent noxious stimulus information in a time-locked and specific fashion that decays

quickly after the offset of the stimulus, especially in thermal assays.

PAG neurons that project to LC respond to noxious stimuli

To understand how the inputs to LC established in Chapter 2 respond to noxious stimuli
and may therefore shape the acute pain-induced activity changes in LC, we repeated the same
fiber photometry recordings in Figure 3.2, this time transducing DPMS neurons that input to LC
with GCaMP and implanting a fiber optic cannula in that brain region. To isolate the
glutamatergic PAG neurons that project to LC and peri-LC, we injected a retrograde AAV
encoding flp recombinase (AAVrg-FIpO) in the LC of VGLUT2-cre mice and a cre-ON, flp-ON
GCaMP6M virus in VIPAG, followed by a fiber optic cannula in PAG (Figure 3.3A).

First, PAG-to-LC neural activity was recorded in response the noxious 50% intensity

Hargreaves assay compared to a non-noxious 10% intensity. Similar to LC activity on the
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Hargreaves assay, PAG-to-LC neurons display a stark increase in fluorescence upon stimulus
onset, even before the stimulus becomes noxious (0 to 1.5 s). Unlike the LC, the calcium activity
of PAG-to-LC neurons continues to increase until the paw withdrawal response occurs at an
average of 2.6 seconds and remains elevated for tens of seconds after the withdrawal response
while the mouse is displaying other nocifensive and escape behaviors. As observed with LC
neuronal activity, PAG-to-LC neurons exhibited an increased in calcium activity upon onset of
the non-noxious 10% intensity stimulus, but this response decayed back to baseline.
Interestingly, PAG-to-LC neuron calcium activity in mice subjected to the non-noxious heat
displayed a delayed increase in activity that matched the response to the noxious heat by 5-10
seconds after stimulus onset (Figure 3.3B-C), although it is unclear whether this increase is due
to eventual noxious characteristics of the low heat stimulus or possibly a defensive response to
the ongoing light stimulus (which cuts off at 20 seconds in the absence of a nocifensive
withdrawal response).

Next, the calcium response in PAG-to-LC neurons to a drop of acetone or room
temperature water placed on the paw was measured. While the calcium activity increased upon
stimulus onset, the response was larger and remained above baseline past 15 seconds in response
to the acetone drop, whereas the response to the control water drop decayed more quickly,
leading to a significantly larger area under the curve in response to the acetone drop (Figure
3.3D-E). Finally, PAG-to-LC calcium activity was significantly increased in response to a pin
prick as compared to light touch with a 0.16 g von Frey filament (Figure 3.3F-G). As with our
measurements of LC activity, we did not observe differences in the calcium response of PAG-to-
LC neurons depending on whether the contralateral or ipsilateral hindpaw was targeted, so we

pooled trials from both paws for analysis. Together, these results demonstrate that PAG-to-LC
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neurons encode noxious stimulus information by exhibiting increased calcium activity in
response to noxious stimuli as compared to non-noxious counterparts, but may also coordinate
aspects of nocifensive responses that cause the calcium activity to remain elevated for some time

after the painful stimulus is removed.

Discussion

In this study, we have established the presence of opioid-evoked and noxious stimulation-
evoked activity in the LC and noxious-evoked activity in inputs to LC that have been implicated
in nociceptive and morphine antinociceptive behavior in Chapter 2. Both the LC noradrenergic
neurons and glutamatergic PAG neurons that project to the LC appear to exhibit strong responses
to the onset of a noxious stimulus (i.e. the visible light of the Hargreaves assay before the heat
becomes noxious), as well as increased activity in response to the noxious aspect of the stimulus
(i.e. the ramping of the heat stimulus on the Hargreaves) that is separable from a non-noxious
control. It is possible that this increased LC activity leads to antinociceptive downstream release
of noradrenaline in the spinal cord to blunt the perception of incoming noxious stimuli, although
these recordings were not specifically targeted to the ascending or descending module of the LC.
Future experiments using retrograde tracers will be necessary to determine whether this general
LC activation is segregated to only one module, and how this might affect noradrenaline release
in the forebrain and/or spinal cord.

We found that both cell groups tested here exhibited a “salience” response to the onset of
the noxious stimulus. This response has been reported in the literature using in vivo
electrophysiology recordings of LC NAergic neurons, whose phasic activity has been shown to

increase in response to a variety of non-noxious stimuli to encode the salience or significance of
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a stimulus via downstream targets (Aston-Jones and Bloom, 1981; Sara and Segal, 1991; Sara,
2009; Vazey et al., 2018). However, especially in the LC neurons whose activity quickly returns
to baseline after stimulus offset, this salience response is potentially confounding for our
interpretation of noxious stimulus-induced activity. We found that in LC NAergic neurons, there
was only a small significant difference in calcium response to light touch vs. pin prick, although
the behavioral response to the pin was much more pronounced. This may be because the duration
of the stimulus is shorter than the potential calcium salience response.

For this reason, we found that the Hargreaves assay was extremely powerful in these
studies as the response to the visible light stimulus onset is temporally separated from the onset
of the noxious heat and withdrawal response. In LC NAergic neurons, the salience response was
visible in the low 10% and high 50% intensity Hargreaves trials, but there was only a subsequent
increase in calcium activity in the high intensity trials. Similarly, PAG-to-LC neurons exhibited
an increase in calcium signaling at trial onset in at both intensities, but the signal only continued
to increase in high intensity trials, while it relaxed back toward baseline in the low intensity
trials. Interestingly, this presence of a salience response even in non-noxious trials was not seen
by the researchers in Moriya et al. (2019). It is unclear why this might be the case, although
some possible differences in the studies might include fiber implantation position, which was not
reported, or the fact that the other study performed the photometry recording hours after
implantation surgery instead of allowing for days to weeks of recovery.

In addition to the similarities between the LC and PAG-to-LC calcium signals on the
same assays, including the initial salience response to the cues and separable response to the
noxious stimulus itself, the calcium activity in the two cell groups also exhibits distinct

differences. LC activity is extremely time locked to the noxious stimulus and decays quickly
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back to baseline after its removal. In contrast, PAG-to-LC neurons exhibit calcium responses that
remain elevated above baseline for tens of seconds after the cessation of the noxious stimulus. It
is possible that PAG-to-LC neurons encode not only the noxious information, but also are
responsible for coordinating nocifensive responses that occur after the initial withdrawal (i.e.
escape, licking, attending, etc.). We established in Chapter 2 that a subset of PAG-to-LC neurons
bifurcate and project to the RVM. Previous studies have shown that PAG glutamatergic output to
RVM-adjacent areas control aspects of nocifensive behavior, such as freezing (Tovote et al.,
2016). It is likely that the PAG-to-LC glutamatergic neurons captured in our viral strategy
forward noxious stimulus information to the LC but may also coordinate longer lasting
nocifensive behaviors by projections to other medullary regions.

Finally, we assayed the hind paws both ipsilateral and contralateral to the recording site
in LC or PAG. Interestingly, we did not find any differences in the calcium activity in response
to any of our unilateral manipulations. We hypothesized that we might find a lateralized response
to the stimulus based on whether the drive to activate these neurons comes from primarily
ascending, nociceptive signals from the spinal cord or from upstream in the descending pain
modulatory pathway. Incoming nociceptive signals synapse in the ipsilateral dorsal horn and
then decussate at the level of the spinal cord to travel contralaterally to supraspinal areas. These
ascending spinal neurons appear to project to the PAG and LC, although the evidence for the
ascending projections to the LC appear to be debated in the existing literature (Aston-Jones et al.,
1991; Benarroch, 2005). If this ascending noxious information directly drives descending L.C
activity in a closed loop fashion, it might be expected to observe a larger response in LC and
PAG-to-LC activity when the noxious information is delivered contralaterally to the recording

site.
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On the contrary, in our experience, projections within the DPMS at the supraspinal level
(i.e, PAG-to-LC) appear to be largely ipsilateral. Therefore, we expected that if LC and PAG-to-
LC activity is driven largely by inputs to the DPMS (in this case, LC activity may be driven by
our own recorded PAG-to-LC neurons themselves), our calcium recordings might be strongest
when the signals that need to be modulated in the spinal cord are ipsilateral to the recording site.
However, LC projections to the spinal cord have been shown to terminate bilaterally with only a
small bias toward the ipsilateral side (Bruinstroop et al., 2012), suggesting that the DPMS may
act in a diffuse manner without much regard for the lateralization of the incoming stimulus. In
our case, the signals did not differ in amplitude or time course whether the stimulus was
delivered ipsilaterally or contralaterally, so we were unable to use this metric to determine the
contributions of ascending and descending inputs.

Overall, this work demonstrates that LC noradrenergic neurons and glutamatergic inputs
to the LC from the vIPAG respond with increased activity in response to salient and noxious
stimuli. This activation of LC NAergic neurons may lead to the release of NA in the spinal cord
to modulate incoming nociceptive signals, although future experiments will be necessary to
confirm that these activity measurements reflect the activity of the more specific descending LC
module. These results indeed fit with the circuit model established in Chapter 2 that vIPAG is a

primary driver of LC activity that causes antinociceptive downstream release of spinal NA.

Materials and Methods

Animals
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All procedures were performed in accordance with protocols approved by the University of
California San Diego Institutional Animal Care and Use Committee (UCSD IACUC protocol
S16171) and guidelines from the US National Institutes of Health Guide for Care and Use of
Laboratory Animals. Mice were group housed, maintained on a 12-hour reversed light/dark
cycle, and allowed ad libitum access to food and water. Experiments were performed under red
lighting during the dark period. Strains used include the following: DBH-cre
(MMRRC/GENSAT #032081-UCD, Tg(DBH-cre)HK212Gsat/Mmucd) and VGLUT2-IRES-cre
(Jackson Laboratory stock #028863, B6J.129S6(FVB)-Slc17a6™2crelowl/Mwar]). Mice were
used for experiments between the ages of 8-20 weeks. Both male and female mice were used for

all experiments.

Viral constructs

The following viruses were purchased from Addgene: AAVretro-Efla-FlpO (Addgene 55637,
titer 1.3x10'%), AAV8-Efla-Con/Fon-GCaMP6M (Addgene 137119, titer 2.4 x10'?), AAV1-syn-
FLEX-jGCaMP8s (Addgene 162377, titer 2.3 x10'3%), AAV5-hSyn-mCherry (Addgene 114472,

titer 2.3 x10'3).

Surgeries

Before surgery, mice were deeply anesthetized by induction at 5% isoflurane, after which
anesthesia was maintained by 2% isoflurane (SomnoSuite, Kent Scientific). After mice were
placed in a stereotaxic frame (David Kopf Instruments), a midline incision was made through the
scalp following fur removal and site preparation by alternating povidone-iodine and 70%

isopropyl alcohol. 100-250 nl of virus was injected at a rate of 100 nl/min at defined stereotaxic
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coordinates. For fiber photometry recordings in LC, DBH-cre mice were injected in LC with
DIO-GCaMP8s + mCherry unilaterally in the right LC. For recordings from PAG-to-LC neurons,
VGLUT?2-cre mice were injected in unilateral right LC with AAVretro-FIpO and in unilateral
right PAG with Cre-on/Flp-on-GCaMP6M. The stereotaxic coordinates used for viral injections
are as follows: vIPAG, angle £10°, AP -4.60 mm, ML + 0.32 mm, DV 2.85 mm; LC, angle £10°,
AP -5.45, ML £0.75 mm, DV 4.10 mm. After 3-5 weeks of viral expression, mice were
implanted unilaterally with optical fiber implants in LC or PAG. The following coordinates were
used for optical implants: vIPAG, angle -10°, AP -4.60 mm, ML + 0.35 mm, DV 2.60 mm; LC,
angle -15°, AP -5.45, ML £0.90 mm, DV 3.90 mm. Implants used were 200 um, 0.37 NA optical
fibers (Neurophotometrics) and were secured with light-cured dental epoxy. For all surgeries,
mice were administered 5 mg/kg ketoprofen (MWI Veterinary Supply) before the end of surgery
and 24 hours later and monitored for recovery for 5 days. All mice were given one week to

recover from implant surgeries before fiber photometry recordings.

Fiber Photometry

For fiber photometry recordings in LC, DBH-cre mice were injected in LC with DIO-
GCaMP8s + mCherry and implanted unilaterally in the right LC. For recordings from PAG-to-
LC neurons, VGLUT?2-cre mice were injected in unilateral right LC with AAVretro-FlpO and in
unilateral right PAG with Cre-on/Flp-on-GCaMP6M with implants in unilateral right PAG. For
fiber photometry recordings, a commercially available fiber photometry system was used
(FP3001, Neurophotometrics). Recordings were made through a single fiber optic cable. For LC
recordings, a 470 nm LED was used to record GCaMP activity and 560 nm LED for control

wavelength. For PAG-to-LC activity recordings, a 470 nm LED was used to record GCaMP
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activity and 415 nm LED isosbestic wavelength was used as control. Data analysis of
fluorescence recordings was conducted using the pMAT open source photometry analysis
package (Bruno et al., 2021) in MATLAB 2021a (Mathworks), which allows for the scaling of
the control channel to correct for movement and bleaching, and subsequently calculates peri-
event time histograms of AF/F and z-score values. Other calculations, such as baseline correction
and area under the curve analysis, were completed using custom scripts in Igor Pro
(Wavemetrics). Fluorescence traces are presented in the figures as the mean = SEM of multiple
individual traces from all mice (e.g. for recordings from 10 mice with 4 trials each, the figures

reflect the mean = SEM of 40 trials).

Behavior assays
Thermal Assays

Mice were placed on the heated surface (32°C) of a Hargreaves apparatus (IITC Life
Science, Model 400 Heated Base, Series 8 Model 390G light source) in a clear plastic cylinder
and habituated for 15 minutes. During testing, the Hargreaves apparatus was set to either 10% or
50% intensity. The light stimulus was targeted to one hindpaw at a time and was manually
removed when a withdrawal response was observed. Each trial automatically terminated at 20
seconds if no withdrawal response was observed. Mice were tested three times on each paw with
a 3-5 minute intertrial interval. The response to the different intensities was tested on different
days.

To test response to a cold thermal stimulus, the acetone drop assay was used. Mice were
placed in a clear cylinder on an elevated wire grid and allowed to habituate for 15 minutes. A

syringe fitted with polyethylene tubing (Braintree Scientific, Inc.) was used to place a single drop
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of acetone or room temperature water on the plantar surface of one hind paw at a time. The mice
were tested with each solution on different days. Within a recording day, each hindpaw was

tested twice, with a 3-5 minute intertrial interval.

Mechanical Assays

Mice were probed for mechanical responses using either a pin prick or non-noxious von
Frey fiber. Mice were placed in a clear cylinder on an elevated wire grid and allowed to habituate
for 15 minutes. The plantar surface of each hindpaw was probed with either a 0.16 g von Frey
fiber (Ugo Basile) or fine insect pin (size 000, ThermoFisher Scientific NC9295307). Each
hindpaw was probed 3 times with each stimulus during a single testing session with a 1-3 minute

intertrial interval.

Statistics

Data in each figure are presented as mean = SEM and individual data points from
experimental replicates are plotted in summary figures. Statistical analyses were performed in
GraphPad Prism. The test performed, test statistic, number of experimental replicates, and mean
+ SEM for each condition are provided in the figure legend. Individual p-values appear in the
figures. Repeated measures within individual replicates were taken into account where applicable
based on experimental design. Data were tested for normality using the Shapiro Wilk test, and

non-parametric statistics were used when necessary.
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Figure 3.1. LC NAergic neuron calcium activity increases after systemic morphine administration.

A. Viral injection of cre-dependent GCaMPS8s and fiber implantation for calcium imaging of LC
noradrenergic neurons. B. Average GCaMP response to administration of subcutaneous morphine (10
mg/kg) or vehicle saline at time point 0 (n=10 mice, 1 trial each). C. Area under the curve analysis from 0

to 20 minutes after injection (saline: 5.44 & 3.16, morphine: 21.00 = 4.01; Two-sided paired t-test:
t=2.652, n=10 pairs).
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Figure 3.2. LC NAergic neural activity encodes salience and noxious stimulus presentation.

A. Viral injection of cre-dependent GCaMPS8s and fiber implantation for calcium imaging of LC
noradrenergic neurons. B. Average GCaMP response to thermal heat on the Hargreaves apparatus at 10%
(orange) and 50% (purple) intensity. The average withdrawal response to the 50% intensity light was 2.77
s (n= 7 mice, 6 trials each). C. Area under the curve analysis comparing GCaMP fluorescence at 3 time
windows after Hargreaves presentation (10% intensity: 0-1.5s,0.63 £0.23,1.5-55,043 +£041,5-10 s,
0.69 £ 0.57; 50% intensity: 0-1.5s,1.33 £0.41,1.5-55,2.36 £0.53,5-10s,1.52 £ 0.66; Two-sided
paired t-tests: 0-1.5 s, t=2.547; 1.5-5 s, t=3.681; 5-10 s, t=1.052; n=7 pairs each). D. Average GCaMP
response to presentation of acetone (pink) vs. room temperature water drop (black) on the hindpaw (n=7
mice, 4 trials each). E. Area under the curve analysis comparing GCaMP fluorescence from O to 5
seconds after stimulus presentation (Water drop: -2.67 = 0.61, Acetone: 1.94 + 1.07; Two-sided paired t-
test: t=2.944, n=7 pairs). F. Average GCaMP response to pin prick vs. light touch (0.16g von Frey
filament) on the hindpaw (n=7 mice, 6 trials each). G. Area under the curve analysis comparing GCaMP
fluorescence from -1 to 1 seconds after stimulus presentation (light touch: 0.24 + 0.13; Pin prick: 0.53 *
0.12; Two-sided paired t-test: t=2.541, n=7 pairs). Mean + SEM for all.
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Figure 3.3. PAG neurons that project to LC respond strongly to noxious stimulus presentation.

A. Viral scheme to express GCaMP6M in PAG neurons that project to LC and fiber implantation in PAG
for calcium imaging. B. Average GCaMP response to thermal heat on the Hargreaves apparatus at 10%
(orange) and 50% (purple) intensity. The average withdrawal response to the 50% intensity light was 2.6 s
(n=10 mice, 6 trials each). C. Area under the curve analysis comparing GCaMP fluorescence at 3 time
windows after Hargreaves presentation (10% intensity: 0-1.5s,0.93 £0.34,1.5-55,1.78 £1.26,5-10 s,
10.47 £2.90; 50% intensity: 0-1.5s,2.49 +0.36,1.5-55s,11.49 £2.30,5-10 s, 16.06 + 4.34; Two-sided
paired t-tests: 0-1.5 s, t=2.899; 1.5-5 s, t=2.942; 5-10 s, t=0.933, n=10 pairs each). D. Average GCaMP
response to presentation of acetone (pink) vs. room temperature water drop (black) on the hindpaw (n=10
mice, 4 trials each). E. Area under the curve analysis comparing GCaMP fluorescence from O to 15
seconds after stimulus presentation (Water drop: 6.66 = 7.15, Acetone: 34.0 = 6.47; Wilcoxon matched-
pairs signed rank test, n=10 pairs). F. Average GCaMP response to pin prick vs. light touch (0.16g von
Frey filament) on the hindpaw (n=10 mice, 6 trials each). G. Area under the curve analysis comparing
GCaMP fluorescence from 0-10 seconds after stimulus presentation (light touch: -0.79 + 1.62; Pin prick:
7.78 + 2.42; Two-sided paired t-test: t=3.750, n=10 pairs). Mean + SEM for all.
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Chapter 3, in part, is being prepared for submission for publication of the material. Lubejko,
Susan T; Banghart, Matthew R. The dissertation author was the primary investigator and author

of this material.
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CHAPTER 4: Inputs to the locus coeruleus are modulated in response to persistent pain

Introduction

Chronic pain, which has many definitions but often refers to pain that persists after the
site of injury has recovered or for longer than three months in humans (Apkarian et al., 2009;
Rikard et al., 2023), presents an ongoing health crisis. Chapter 2 of this dissertation outlines
noradrenergic pathways that are part of the descending pain modulatory system, revealing the
importance of excitatory synapses in the LC from the vIPAG in systemic morphine
antinociception and uncovering an inhibitory pathway from RVM to the LC whose inhibition is
antinociceptive, likely via disinhibition of descending LC activity. While this study establishes
these circuit elements in the context of acute pain, it is important to also study antinociceptive
circuits in the context of chronic pain, as the results of these studies may provide the most
translational benefit for human health.

The descending pain modulatory system (DPMS) has been studied in the context of
chronic pain, but with complex and sometimes divergent results. It is thought that the balance, or
perhaps the imbalance, of excitation and inhibition from descending structures contributes to
behavioral hypersensitivity in chronic pain states. The rostroventral medulla (RVM) is mostly
implicated in this research, as it exhibits distinct pain facilitatory and inhibitory neuronal classes
that project to the spinal cord, known as On- and Off- cells, respectively. In early inflammatory
pain, the facilitatory mechanisms are active. However, as this pain persists, molecular changes
rebalance the facilitatory and inhibitory pathways to limit hypersensitivity (Ren and Dubner,
2002; Heinricher, 2016; Chen and Heinricher, 2019). Some studies indicate that RVM

facilitation does persist throughout the persistent and chronic pain states, contributing to
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hypersensitivity (Porreca et al., 2002). Given this, improper balancing of the pathways may lead
to chronic pain states. The mechanisms of how the DPMS governs modulation of primary
afferents entering the spinal cord from and around the site of injury may differ depending on the
cause of the pain (i.e. inflammation vs. neuropathy, Vanegas and Schaible, 2004), however,
further complicating our understanding of how the DPMS strikes the delicate balance between
pain facilitation and inhibition. Within the PAG, there is evidence that neuropathic pain produces
glutamatergic hypofunction, which possibly decreases the pain inhibitory output of the DPMS
(Ho et al.,2013).

Outside of the canonical PAG and RVM pathways, there is evidence for the role of
noradrenergic signaling in chronic pain. In models of nerve injury, noradrenergic signaling in the
spinal cord appears protective of the onset of chronic hypersensitivity and the development of
abnormal pain (Ossipov et al., 2014). However, other studies conversely posit that LC
paradoxically results in pain facilitation longer after neuropathic injury (Brightwell and Taylor,
2009) and contributes to anxiodepressive behaviors that are comorbid in chronic neuropathic
pain (Llorca-Torralba et al., 2019). At longer timepoints, it has been demonstrated that chronic
pain reduces the noxious stimulation-evoked activity in LC, which would decrease the
antinociceptive NA release in the spinal cord (Kimura et al., 2015; Hayashida and Obata, 2019),
although other studies at similar or later time points refute this result by demonstrating increased
noxious-stimulation evoked LC discharge in nerve-injured animals (Viisanen and Pertovaara,
2007; Alba-Delgado et al., 2021). One group has even labeled the LC as a chronic pain
generator, and hypothesizes that within a month of neuropathic injury, LC activity shifts from
descending inhibition of pain at the level of the spinal cord, to pain facilitation through ascending

projections (Taylor and Westlund, 2017). It is possible that all of these viewpoints are true,
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however, given that each study may focus on only specific timepoints throughout the probably
dynamic LC response to chronic pain, highlighting the importance of taking a longitudinal view
of pain chronification.

In this study, we use slice electrophysiology to measure changes in LC intrinsic activity,
as well as excitatory inputs to LC, in response to a relatively short timepoint model of persistent
inflammatory pain. While we did not find changes in LC intrinsic properties as a result of this
manipulation, we observed excitatory hyperfunction of inputs to LC neurons, especially in the

ventral portion of LC.

Results
Complete Freund’s adjuvant induces persistent pain in mice

Complete Freund’s adjuvant was used to induce persistent and long-lasting pain resulting
from chronic immune activation and inflammation in the hindpaws of wildtype male and female
mice (Stein et al., 1988). CFA-injected and uninjected control littermates were assessed for
mechanical allodynia before and 1, 3, 5, and 7 days after bilateral intraplantar injection of
undiluted CFA. Although baseline measurements prior to injection did not differ between the
injured and uninjured group, robust mechanical allodynia as measured by a significant decrease
in mechanical threshold on the von Frey assay was achieved by post-CFA Day 1. This effect

persisted for 7 days post-injection (Figure 4.1A).

LC excitability is not modulated by persistent pain

To assess the circuit mechanisms by which the descending noradrenergic pain

modulatory system described in Chapter 2 may change in the face of persistent pain, we used
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whole cell patch clamp electrophysiology to assess alterations in membrane properties and
electrical excitability in the LC dorsal and ventral tiers after induction of CFA-mediated
allodynia. Recordings were taken from both dorsal and ventral LC neurons in an attempt to
roughly segregate recordings to putative ascending and descending LC tiers (Li et al., 2016;
Hirschberg et al., 2017).

First, to assess resting membrane properties, we measured resting membrane potential
and tonic action potential firing, but found no difference between neurons recorded from control
and CFA-injured mice in either the dorsal or ventral LC tier (Figure 4.1B-C). Further, we found
no change in input resistance as a metric of voltage response in either cell group (Figure 4.1D).
Finally, to measure LC neuron excitability in response to direct current injection, we performed
firing rate versus current input (f-I) curves in the same dorsal and ventral LC neurons from
control and CFA-injured mice. We found no difference in evoked firing between the groups in
either the dorsal or ventral tier (Figure 4.1E-F). Taken together, these results indicate that this
relatively short-term persistent pain state did not induce changes in the electrical properties or

physiological response of LC neurons themselves.

Persistent pain enhances excitatory neurotransmission onto LC neurons

To assess persistent pain-related modulation of excitatory inputs onto LC neurons, we
recorded miniature excitatory postsynaptic currents (mEPSCs) in dorsal and ventral LC neurons
from uninjected and CFA-injected mice. In the dorsal LC, although the interevent interval as a
measure of mEPSC frequency did not differ between control and CFA mice, the mEPSC
amplitude was significantly increased in CFA-injured LC neurons (Figure 4.2A-C). In the

ventral, putatively spinally-projecting portion of LC, mEPSC amplitude was significantly
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increased and interevent interval was significantly decreased in neurons recorded from CFA-
injured mice (Figure 4.2D-F). Together, these results suggest that LC neurons in both dorsal and
ventral LC experience increased excitatory neurotransmission that may drive their downstream

activity after a relatively short-term persistent pain experience.

Discussion

In this study, we investigated changes in the physiological properties of the LC and
excitatory inputs to LC in response to a week of persistent inflammatory pain to investigate how
LC-driven descending noradrenergic signaling may change in response to, and possibly
contribute to, chronic pain states. Interestingly, we did not find changes in the intrinsic properties
or evoked action potential firing in LC neurons themselves, regardless of whether the neurons
recorded from were located in the dorsal, putative ascending, or ventral, putative descending
tiers. This suggests that increased or decreased excitability of LC neurons themselves are not
responsible for noradrenergic hyper- or hypofunction found in chronic pain states. Although this
is a potentially surprising result, other studies utilizing in vivo recordings of LC activity in a
model of neuropathic pain similarly did not find modulation of LC firing rates (Alba-Delgado et
al., 2012).

We did find significant changes in miniature excitatory postsynaptic currents (mEPSCs),
however, suggesting glutamatergic hyperfunction in the face of persistent pain in both the dorsal
and ventral LC at this timepoint. To our knowledge, there is only one other study that specifically
looked at evoked and spontaneous excitatory inputs to LC in slice during a persistent pain state at
a similar time point. This study concluded that there were no differences in the frequency of

spontaneous excitatory inputs, but did find an increase in amplitude (Rohampour et al., 2017).
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While our experiments were performed all at the seven-day post-injury timepoint, differences
between the studies include the injury modality (inflammatory vs. nerve constriction), the species
(mouse vs. rat), and age used (adult vs. pup). Additionally, LC recordings in the noted study
were not segregated by LC location, which revealed quite significant differences in our study.

Analysis of mEPSC amplitude and frequency can be indicative of which circuit elements
are modified in the face of persistent pain. In dorsal LC neurons, the amplitude of the mEPSCs,
but not the interevent interval, was increased. In the ventral LC, while the amplitude was
increased, we also observed a decrease in the interevent interval, indicative of an increased
frequency of mEPSCs. mEPSC amplitude changes can result from either presynaptic or
postsynaptic modulation. However, increased mEPSC frequency is most likely caused by a
change in the presynaptic properties of input neurons to LC. In Chapter 2, we establish a strong
excitatory synaptic connection between vIPAG and ventral LC. It is possible that this synaptic
connection is strengthened in the face of week-long persistent inflammatory pain. Alternatively,
glutamatergic inputs to LC from other brain areas, such as the prefrontal cortex (PFC), lateral
hypothalamus (LH), nucleus paragigantocellularis/rostroventrolateral medulla or any number of
other brain areas that input strongly to LC (Ennis et al., 1992; Schwarz et al., 2015; Barcomb et
al., 2022), may contribute to this modulation, as mEPSC recording is nonspecific to the input
region. Future experiments will be required to investigate the modulation of vIPAG or any other
LC input region in a pathway specific manner.

Our study focused on excitatory synaptic inputs to LC neurons. However, future studies
should also include recordings of miniature postsynaptic inhibitory currents to create a stronger
sense of how ascending and descending LC signals are controlled in the face of persistent pain.

Our current understanding of inhibitory inputs to LC appears to lag behind excitatory
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counterparts. There is an inhibitory GABAergic input to LC from the nucleus prepositus
hypoglossi (PrH) (Aston-Jones et al., 1991), and Chapter 2 of this dissertation establishes a
strong inhibitory input to ventral LC from the rostroventromedial medulla whose inactivation
leads to LC disinhibition and antinociceptive spinal NA release. Additionally, local pericoerulear
GABAergic microcircuits have been shown to gate LC phasic activity and arousal (Jin et al.,
2016; Breton-Provencher and Sur, 2019; Kuo et al., 2020). It is unknown how inhibitory inputs
from these areas or other potential inhibitory input regions may change in the face of persistent
pain.

Finally, this study relied on a model of inflammatory persistent pain and assayed the
electrophysiological state of LC neurons and their inputs after 7-10 days. Although this is a
suitable model for persistent pain, considerable disagreement in the field exists over whether this
model can be considered chronic pain, which typically would exhibit an increased duration.
Future studies on LC inputs and chronic pain might benefit from the use of a neuropathic pain
model, such as peripheral nerve ligation. First, the use of this model would build upon our
findings here by comparing any changes in LC physiology that may differ between inflammatory
versus neuropathic pain. Additionally, the neuropathic model would provide a long-lasting pain
state that could be used to assay LC physiology at different timepoints, from acute injury within
a few days of pain onset, to persistent and chronic pain states on the timescale of weeks to
months. Understanding the intrinsic physiological responses of LC neurons and their inputs
under these conditions will shed light on how any transitions in activity profile may occur and
how downstream NA signaling is affected.

Overall, the results of this study begin to provide important insights on the effects of

persistent pain on LC and LC input physiology. Although Chapters 2 and 3 demonstrate
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important advances in our knowledge of LC and DPMS circuitry in acute pain and opioid
antinociception, as well as reveal new antinociceptive pathways through the LC, it is important
to determine if these circuit elements remain effective in the face of chronic pain to reveal their

promise as future drug targets for patients experiencing long-lasting pain.

Materials and Methods
Animals

All procedures were performed in accordance with protocols approved by the University
of California San Diego Institutional Animal Care and Use Committee (UCSD IACUC protocol
S16171) and guidelines from the US National Institutes of Health Guide for Care and Use of
Laboratory Animals. Mice were group housed, maintained on a 12-hour reversed light/dark
cycle, and allowed ad libitum access to food and water. Experiments were performed under red
lighting during the dark period. These experiments used C57B1/6J (Jackson Laboratory stock
#664) mice. Mice were used for experiments between the ages of 8-20 weeks. Both male and

female mice were used.

Complete Freund’s Adjuvant (CFA) injections

Persistent inflammatory pain was induced by bilateral intraplantar injection of CFA (Stein
et al., 1988). Mice were lightly anesthetized with 2% isoflurane just before injection to minimize
movement. Each hindpaw was injected just under the plantar skin with 10 ul of undiluted CFA
(Sigma-Aldrich). After recovery from the isoflurane, mice were placed back in their cage and

monitored for any signs of severe distress.
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von Frey Assay

Mice were tested for mechanical thresholds using the von Frey assay. Mice were placed
in a clear cylinder on an elevated wire grid and allowed to habituate for 20 minutes. Using the
up-down method (Chaplan et al., 1994), von Frey filaments (Ugo Basile) of varying stiffnesses
were applied to each hindpaw separately, with a 3-minute break until returning to the first paw,
until a withdrawal response could be recorded and a 50% withdrawal threshold could be
calculated. The resulting threshold values (in grams) for each paw were averaged together to
calculate the mechanical threshold for each mouse. Mice were tested just before, and 1, 3, 5, and

7 days after the CFA injection.

Brain slice preparation

Mice were anesthetized with isoflurane before rapid decapitation. Brains were removed,
blocked, and mounted in a VT1000s vibratome (Leica Instruments). Coronal midbrain slices
(190 um) containing the LC were prepared in ice-cold choline-based artificial cerebrospinal fluid
containing 25 mM NaHCO3, 1.25 mM NaH;POys, 2.5 mM KCI, 7 mM MgCls, 25 mM glucose,
0.5 mM CaCl, 110 mM choline chloride, 11.6 mM ascorbic acid, and 3.1 mM pyruvic acid,
equilibrated with 95% O2/5% CO:x. Slice were transferred to 32°C oxygenated artificial
cerebrospinal fluid (ACSF) containing 125mM NaCl, 2.5 mM KCI, 25 mM NaHCO3, 1.25 mM
NaH>PO4, 2 mM CaCl,, 1 mM MgCl,, and 10 mM glucose, osmolarity 290. Slices were

incubated for 20 minutes, then brought to room temperature before recording.

Slice Electrophysiology
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Slice physiology experiments were performed in a chamber continuously perfused with
warmed (32°C) ACSF equilibrated with 95% 02/5% CO.. Recording pipettes were pulled from
borosilicate glass on a P-1000 Flaming/Brown micropipette puller (Sutter Instruments) to a
resistance of 1-3.5 MQ. Recordings were made with an Axopatch 700B amplifier (Axon
Instruments) and data sampled at 10 kHz, filtered at 3 kHz, and acquired using National
Instruments acquisition boards and a custom version of Scanlmage written in MATLAB
(MathWorks). LC neurons were visually identified and confirmed to exhibit tonic action
potential spiking of ~1.5 Hz. Recordings were taken from both dorsal and ventral LC neurons.
Recordings of action potential spiking and resting membrane properties were made in current
clamp with patch pipettes filled with an internal solution containing 135 mM KMeSO3, 5 mM
KCl, 5 mM HEPES, 4 mM MgATP, 0.3 mM NaGTP, 10 mM phosphocreatine, and 1.1 mM
EGTA (pH 7.25, 290 mOsm kg!). Firing rate vs. current input (f-I) curves were constructed
using 1-second steps of direct current input (-100, 50, 100, 150, 200, 250, 300 pA) 10 seconds
apart.

Recordings of miniature excitatory postsynaptic currents (mEPSCs) were made in voltage
clamp with patch pipettes filled with an internal solution containing 135 mM CsMeSO3, 3.3 mM
QX314 CI salt, 10 mM HEPES, 4 mM MgATP, 0.3 mM NaGTP, 8§ mM phosphocreatine, and 1
mM EGTA (pH 7.2-7.3, 295 mOsm kg™!). Cells were held at -70 mV and rejected if holding
currents became more negative than -200pA or if series resistance exceeded 25 MQ). Recordings

were made in the presence of tetrodotoxin (TTX; 1 uM), GABAzine (20 uM), and strychnine

(10 uM). All electrophysiology data were processed in Igor Pro (Wavemetrics).

Statistics
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Data in each figure are presented as mean = SEM and individual data points from
experimental replicates are plotted when possible. Statistical analyses were performed in
GraphPad Prism. The test performed, number of experimental replicates, mean + SEM for each
condition, statistics provided by ANOVA and two-way ANOVA tests for each variable, and p-
values for the overall test are provided in the figure legend. Individual p-values from statistical
tests and those resulting from post hoc tests to correct for multiple comparisons appear in the
figures. Repeated measures within individual replicates were taken into account where applicable
based on experimental design. Data were tested for normality using the Shapiro Wilk test, and

non-parametric statistics were used when necessary and possible.
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Figure 4.1. Persistent pain does not modulate LC electrical excitability and membrane properties.

A. von Frey mechanical thresholds before and 1, 3,5, and 7 days after bilateral intraplantar CFA injection
presented as the average mechanical threshold of both paws (two-sided unpaired t-test: baseline,
t=0.8635, df=5; Day 1, t=10.76; Day 3, t=5.266; Day 5, t=5.036; Day 7, t=9.509; n=3 control, n=4 CFA).
B. Resting membrane potential of dorsal and ventral LC neurons (two-sided unpaired t-test: dorsal,
t=1.792, p=0.0964, n=7 control, n=8 CFA; ventral, t=0.4771, p=0.64, n=7 control, n=7 CFA). C. Tonic
action potential firing rate of dorsal and ventral LC neurons (two-sided unpaired t-test: dorsal, t=0.7957,
p=0.44, n=7 control, n=8 CFA; ventral, t=0.6019, p=0.59, n=7 control, n=7 CFA). D. Calculated input
resistance of dorsal and ventral LC neurons (two-sided unpaired t-test: dorsal, t=0.5269, p=0.61, n=7
control, n=8 CFA; ventral, t=1.302, p=0.2173, n=7 control, n=7 CFA). E. Left, evoked action potential
firing rate of dorsal LC neurons as a function of direct current injection (Two-way ANOVA with post hoc
Sidak’s multiple comparisons test; current input: F(1.484, 19.30)=1156, p<0.0001; CFA treatment:
F(1,13)=0.9583, p=0.3455; n=7 control, n=8 CFA). Right, example traces of action potential firing at 50
and 300pA current injection steps for a control (black) vs. CFA (pink) dorsal neuron. F. Left, evoked
action potential firing rate of ventral LC neurons as a function of direct current injection (Two-way
ANOVA with post hoc Sidak’s multiple comparisons test; current input: F(1.180, 14.16)=551.6,
p<0.0001; CFA treatment: F(1,12)=1.228, p=0.2895; n=7 control, n=7 CFA). Right, example traces of
action potential firing at 50 and 300pA current injection steps for a control (grey) vs. CFA (light pink)
ventral neuron.
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Figure 4.2. Persistent pain increases excitatory input onto LC neurons.

A. Cumulative histogram plot of mEPSC amplitude in dorsal LC (control: n=7 cells, 541 events; CFA:
n=8 cells, 689 events; Kolmogorov-Smirnov test: D=0.2143). B. Cumulative histogram plot of mEPSC
interevent interval in dorsal LC (control: n=7 cells, 541 events; CFA: n=8 cells, 689 events; Kolmogorov-
Smirnov test: D=0.0358). C. Example traces of mEPSCs from dorsal control (black) and dorsal CFA
(pink) LC neurons. D. Cumulative histogram plot of mEPSC amplitude in ventral LC (control: n=6 cells,
333 events; CFA: n=6 cells, 690 events; Kolmogorov-Smirnov test: D=0.1740). E. Cumulative histogram
plot of mEPSC interevent interval in ventral LC (control: n=6 cells, 333 events; CFA: n=6 cells, 690
events; Kolmogorov-Smirnov test: D=0.2467). C. Example traces of mEPSCs from ventral control (grey)
and ventral CFA (light pink) LC neurons.

Chapter 4 contains unpublished material coauthored with Banghart, Matthew R.

The dissertation author was the primary researcher and author of this chapter.
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CHAPTER 5: Discussion

The goal of this dissertation is to address long-standing unanswered questions about the
role of noradrenergic signaling, specifically from the locus coeruleus, in descending pain
modulation and opioid-induced antinociception. In Chapter 2, we establish LC and opioid-
insensitive glutamatergic projections from PAG to LC as major contributors to systemic
morphine antinociception. Additionally, we reveal a newly described opioid-sensitive inhibitory
projection from the medial RVM to LC, inhibition of which can drive antinociception outside of
the context of opioid administration, likely through disinhibition of LC activity and subsequent
spinal NA release. Next, in Chapter 3, we investigate the activity profile of LC NAergic neurons
and PAG-to-LC projection neurons in response to noxious stimuli and determine that both cell
groups are responsive to the salience of incoming stimuli, as well as their noxious qualities.
Finally, in Chapter 4, we investigate the LC and glutamatergic inputs to LC in the context of
persistent pain to begin to translate this newly established circuit model toward understanding its

potential role in chronic pain.

How do these results update our understanding of descending NA circuits?

It has been long agreed upon that spinal NA release by DPMS-driven pain modulatory
mechanisms is almost purely pain inhibitory and contributes to the antinociceptive effects of
systemic opioids. We were surprised to find, then, that the locus coeruleus, which is the largest
NAergic center of the brain, was not strongly implicated in systemic morphine analgesia.
Existing literature reveals nearly opposite results, with one study using electrolytic lesions of LC
reporting abolished morphine analgesia (Sasa et al., 1977) and another utilizing chemical lesions

arriving at the conclusion of very little role for LC (Hammond and Proudfit, 1980). To avoid the
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conflicting results arising from the lesion methodology, which is not specific for cell type and
possibly not spatially restricted enough for the small size of LC, we used two viral methods to
ablate or silence LC NAergic neurons specifically. Our results move LC back into position as a
major contributor to systemic opioid antinociception, although other circuit elements are almost
certainly involved as we did not block the analgesic effects of morphine entirely.

The agreed upon role of spinal NA release in descending pain modulation is recognized
such that newer circuit models of the DPMS do often include the LC in addition to the vVIPAG
and RVM. We believe, however, that some of these models are based on assumptions from
anatomical evidence that require much deeper functional understanding. As introduced, vIPAG
projections to LC are fairly well established anatomically and physiologically such that these
projections largely appear in DPMS circuit diagrams as driving LC activity for downstream NA
release. Looking to the literature, however, the functional results of this pathway differ between
studying synaptic physiology in slice (Barcomb et al., 2022) and activity patterns in vivo (Ennis
et al., 1991). Additionally, one study previous study found that vIPAG neurons that project to the
pericoerulear area, as labelled by nonspecific retrograde tracers and recorded from vIPAG cell
bodies, are inhibited by opioids (Kim et al., 2018), which is at odds with the hypothesis that
VIPAG drives LC activity for NA release in the context of opioid antinociception. We believe that
our results uphold the assumption that PAG drives LC activity via glutamatergic projections. We
report excitatory only drive from PAG that drives action potential spiking and excitatory
postsynaptic currents in LC neurons in slice, noxious-evoked calcium activity in both, and a
reduction in opioid antinociception when the glutamatergic vIPAG inputs to LC specifically are
chemogenetically inhibited. However, our model disagrees with an opioid-sensitive VIPAG input

and instead finds that these synapses, using slice electrophysiology, optogenetics, and
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pharmacology, are minimally opioid sensitive. It is possible that this difference arises from the
use of nonspecific retrograde tracers in Kim et al. (2018) that may capture presynaptic vVIPAG
cell bodies that do not project directly to LC NAergic neurons whereas our methodology
recorded currents in the postsynaptic LC neurons to assay incoming signals.

Our addition to the DPMS circuit model of inhibitory input from RVM to LC is
completely novel. Modern DPMS circuit models do occasionally acknowledge communication
between the RVM and LC (Ossipov et al., 2010). There is recent evidence that LC projections fo
medial RVM mediate aspects of visceral pain (Kong et al., 2023). However, circuit models that
include RVM projections to LC are likely referring to the sizeable body of literature regarding
rostroventrolateral medullary (RVLM) inputs to LC, which are excitatory and may mediate some
sensory inputs to LC (Ennis and Aston-Jones, 1988; Ennis et al., 1992). While this projection is
undoubtedly important and well-established, we believe that our viral methods are spatially
restricted enough to characterize another RVM input to LC, this time from the
rostroventromedial medulla. Although we initially hypothesized that this projection would be
similarly mediated by excitatory amino acids to drive even further downstream NA release, we
were surprised to find a largely inhibitory postsynaptic effect, both on LC spiking as well as

evoked postsynaptic currents.

Open questions regarding the RVM-to-LC projection

Our anatomical, electrophysiological, and behavioral results work in concert to establish
an inhibitory projection from RVM to LC. However, there are open questions regarding this
projection that should be of future study. First, is there a functional role for sparse excitatory

synapse from RVM to LC? Although our study focuses on the inhibitory inputs, current clamp
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data indicate that a small number of LC neurons recorded were excited by optoactivation of
RVM terminals. This result carried into our synaptic physiology data set, which revealed very
small excitatory postsynaptic currents in a large proportion of recorded LC neurons. It would be
prudent to repeat chemogenetic inhibition of these terminals during systemic morphine to
determine whether these projections are required for full expression of antinociception, as was
the case with glutamatergic PAG inputs to LC. Alternatively, these inputs could be activated to
determine if antinociception that relies on spinal NA signaling results.

Second, what drives activity in RVM-to-LC projections? We report in Chapter 2 that
chemogenetic inhibition of RVM GABAergic/glycinergic terminals in LC produces
antinociception that can be blocked by intrathecal NA antagonism. These results would suggest
that RVM provides tonic inhibition to LC neurons and LC can be disinhibited with release of this
inhibition, much like the canonical disinhibitory hypothesis of VIPAG activity in response to
opioids. Electrophysiological recordings of tonic activity in these RVM neurons may provide
insight. Additionally, RVM-to-LC neurons are likely driven by upstream structures. As of now,
we do not know the presynaptic partners of RVM-to-LC neurons. One hypothesis is that vIPAG-
to-RVM neurons, possibly even the same ones that project to LC, drive activity in RVM-to-LC
neurons, therefore suggesting that PAG excites LC neurons via direct projections and inhibits LC
neurons via indirect projections through the RVM. Equally as likely given our current
knowledge, the RVM-to-LC neurons may receive input from any number of brain structures that
might be involved in the functions of LC, from pain modulation to arousal. In Chapter 2, we
reveal that the RVM-to-LC neurons do not bifurcate following the typical DPMS circuit model to

the spinal cord and instead send projections to supraspinal areas such as the parafascicular

105



nucleus of the thalamus, potentially signaling their existence outside of the canonical DPMS
framework by input and output.

Finally, what is the purpose of converging excitatory and inhibitory pathways on LC
neurons? If indeed the VIPAG and RVM provide excitatory and inhibitory input to LC at the
same time, as might be the case during noxious stimulus-evoked activity in the absence of
opioids, what is the purpose of this convergent activity? The results of fiber photometry
recordings of calcium activity in Chapter 3 provide an interesting starting point for pondering
this question. Noxious-evoked responses to LC neurons appear to be much more tightly time
locked to the stimulus and decay more quickly toward baseline, whereas glutamatergic PAG-to-
LC projection neurons remain in a highly active state for a longer period. It is possible that PAG
drives LC activity that is tempered by a concurrent inhibitory input, possibly from the RVM, to
temporally restrict LC output. The concept of gain control in the LC to regulate arousal and
optimize performance by keeping activity in an intermediate state has been previously proposed

(Aston-Jones and Cohen, 2005).

Modulation of newly established circuit elements in chronic pain and tolerance

As mentioned in Chapter 4, how efficacious a circuit is in driving antinociception can
change drastically following the plasticity that occurs during the transition from acute to chronic
pain. Although our results convincingly exhibit hyperfunction of excitatory inputs onto LC
during persistent pain, there is much future work to be done to establish whether the PAG-to-LC
pathway contributes to this effect and what might be found in more chronic pain models. Perhaps
working against this hypothesis is one study that reports downregulation of glutamatergic

function in PAG after neuropathic injury (Ho et al., 2013), which would likely decrease PAG
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output and therefore might downregulate PAG-to-LC activity. Additionally, as we have not yet
investigated inhibitory inputs onto LC neurons in this context, it is difficult to speculate on a role
for RVM-to-LC in modulated inhibitory inputs to LC neurons. Assessing the antinociceptive
capabilities of RVM-to-LC inhibition as in Chapter 2 in the context of persistent or chronic pain
remains an important first step in evaluating this circuit element’s translational potential for
treating chronic pain. Changes to the DPMS that are seen during pain chronification are
discussed further in Chapter 4.

A parallel concern that arises for chronic pain patients that use opioids to control their
pain is opioid tolerance. Although opioids remain the best available treatment for pain, patients
become tolerant to the pain-relieving effects, leading to them require higher doses which increase
the risk for respiratory depression and overdose. The DPMS contributes to opioid tolerance.
Local microinjection of morphine (Yaksh, 1979; Lin et al., 1996; Kim et al., 2018) and electrical
stimulation (Mayer et al., 1971) in the ventrolateral periaqueductal gray produces
antinociception, but repeated administration of these acutely antinociceptive manipulations leads
to strong tolerance (Jacquet and Lajtha, 1976; Morgan and Liebeskind, 1987; Siuciak and
Advokat, 1987; Tortorici et al., 2001, 2003; Bagley et al., 2005; Lane et al., 2005; Morgan et al.,
2006; Campion et al., 2016). This affect appears limited to the ventral part of the PAG, as
electrical stimulation in the dorsal PAG (Morgan and Liebeskind, 1987) and morphine
microinjection into the dorsal raphe nucleus (Campion et al., 2016) produce antinociception that
is not limited over time by tolerance. PAG-mediated tolerance induced by local microinjection of
morphine exhibits two-way cross tolerance with systemic morphine (Jacquet and Lajtha, 1976),

but not intrathecal morphine administration (Siuciak and Advokat, 1987).
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Mechanistic studies point to decreased effectiveness of opioids in the MOR+
interneurons in PAG after chronic opioid administration (Bagley et al., 2005) as the main driver
of these behavioral effects. Muscimol-indued RVM inhibition does not block the development of
tolerance (Lane et al., 2005), and PAG microinjection of bicuculline (to produce disinhibition) or
kainite (to direct stimulate output) causes antinociception with no development of tolerance
(Morgan et al., 2003). While the typical electrophysiological responses of RVM neurons to
morphine microinjection in PAG are lost in a tolerant state, the responses are intact after PAG
microinjection of kainic acid in morphine-tolerant rats (Tortorici et al., 2001). Together, this body
of literature implicates opioid-sensitive PAG neurons, but not PAG projection neurons or other
downstream DPMS elements in development of tolerance.

In contrast to this notion, preliminary data from our own lab suggest the possibility of
cross tolerance between repeated PAG-to-RVM projection neuron activation and systemic
opioids. In these experiments, non-cell type specific PAG-to-RVM projections were captured
using a retrograde AAV expressing cre recombinase injected in RVM with a cre-dependent
chemogenetic actuator HM3D (or control fluorophore) in PAG (Figure 5.1A). Mice were
subjected to hot plate nociceptive testing each day at baseline (Day 1 and 2), after systemic CNO
injection (Day 3), after repeated twice-daily systemic morphine injection to produce tolerance
(Day 4-8), and finally after a second administration of systemic CNO (Day 9) (Figure 5.1B).
After the induction of morphine tolerance, as evidenced by a decreased hot plate withdrawal
latency after repeated morphine administration (Figure 5.1C), CNO administration appears less
effective at producing antinociception (Figure 5.1D), signaling the possibility of cross tolerance
between the antinociceptive mechanisms. However, it is important to note that these data are

preliminary and further testing is required to make this conclusion.
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The effects of long-term opioid administration have been studied in LC on the molecular
and cellular level in rats. Acutely, opioids inhibit rat LC neurons through activation of potassium
channels and inhibition of downstream intracellular signaling pathways. Chronic opioids appear
to upregulate these intracellular pathways and decrease activation of the potassium channels to
compensate, resulting in overly excitable LC neurons that contribute to behaviors of dependence
and withdrawal and that require more opioids to regulate their activity back down to baseline
(Christie, 1991; Nestler, Meenakshi et al., 1994). To determine the effects of tolerance on the
circuit elements defined within this dissertation, it will first be prudent to consider any species
differences that may make the resulting data hard to interpret. As mentioned in Chapter 2, the
opioid effects on LC neurons are much smaller at baseline in mice than in rats. However, there is
evidence that assays of LC cellular tolerance in mice follow similar patterns to that found in rats,
if qualitatively less effective (Quillinan et al., 2011; Adhikary and Williams, 2022).

Given this, it may be possible to assess changes in PAG-to-LC and RVM-to-LC circuitry
in opioid tolerant mice. Following from our results in Figure 5.1, if we find that activation of
PAG-to-LC projections produces antinociception, we might also find cross tolerance to
activation of this circuit element and systemic morphine, as there is significant overlap between
PAG neurons that project to RVM and those that project to LC. In line with the presented theory
in the literature that tolerance is mainly driven by MOR+ PAG neurons, our PAG-to-LC pathway
would be mostly affected if these neurons too are under tonic inhibitory control from local PAG
interneurons. This is likely the case given the stated overlap in outputs.

The RVM is less implicated as a driver of tolerance. Enhanced descending facilitation
from RVM, however, has been pointed to as a mediator of the paradoxical abnormal pain that can

arise from chronic opioid exposure and tolerance (Ossipov et al., 2003). It is unclear how our
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RVM-to-LC projection would be affected by chronic opioid exposure. We have established that
this projection is largely non-overlapping with the RVM neurons that project to the spinal cord,
which would decouple this population from enhanced descending facilitation reported in the
literature. Additionally, as discussed, the presynaptic partners of the RVM-to-LC neurons are not
known. If PAG-to-RVM neurons directly contact them, our antinociceptive pathway may be
subject to tolerance driven by PAG that is already deeply established. Finally, RVM-to-LC
neurons are MOR+ themselves, suggesting that intracellular signaling mechanisms might change
over time with chronic opioid exposure, as is the case with LC. Experiments regarding the direct
effect of repeated opioid exposure on the cells themselves, as well as repeated manipulations that

mimic the effect of opioids on this circuit (namely inhibition of the projections) are needed.

Is descending pain modulation a closed loop process?

Our circuit model and methodology established here present an exciting opportunity to
investigate how the DPMS is triggered to cause descending release of pain modulatory
molecules. The ascending and descending pain pathways are largely discussed as two separate
entities. While there is evidence that PAG is triggered by and coordinates descending signals
from the forebrain, the flow of noxious information through this pathway remains unclear. In
addition to a host of forebrain areas, PAG receives afferents directly from the spinal cord and
both PAG and RVM receive noxious sensory information from the parabrachial nucleus (Roeder
et al., 2016; Chen et al., 2017; Chiang et al., 2020). It is less clear whether the LC receives
significant spinal innervation (Aston-Jones et al., 1991; Benarroch, 2005), but our data in

Chapter 3 suggest that PAG-to-LC neurons are activated by noxious stimuli and could represent
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a pathway by which LC receives sensory information and similar assumptions have been made
regarding RVLM excitatory input to LC (Ennis and Aston-Jones, 1988; Ennis et al., 1992).

We hypothesize that the major nodes of the DPMS receive noxious sensory input from
the spinal cord or the relays noted above as a closed, negative feedback loop in which noxious,
potentially painful stimuli drive activity in the DPMS that inhibits incoming signals back at the
level of the spinal dorsal horn. Opioids or inputs to the DPMS from supraspinal regions involved
in cognitive modulation likely serve to tune the noxious sensory information within the negative
feedback loop in a context-dependent manner. Interesting experiments based on the findings
within this dissertation can be used to help clarify how noxious stimulus-evoked activity is
represented in this new model of the DPMS. In Chapter 3, we established that LC and PAG-to-
LC neurons exhibit noxious stimulus evoked responses. Chemogenetic inhibition of PAG inputs
during noxious stimulation and recording of LC responses will help determine if PAG is the
brain region that provides crucial noxious information to LC. If LC signaling is not affected by
abolishing PAG input, it would indicate that other input regions are responsible for driving
noxious stimulus representations in LC. This same line of questioning stands if we find that
RVM-to-LC neurons also convey noxious sensory information. Determining how exogenous

opioids or persistent/chronic pain modulate the noxious-evoked signals will also be informative.

The updated DPMS in other forms of pain modulation

For many reasons listed throughout this dissertation, we believe that a thorough
understanding of how opioids produce antinociception, including which circuit elements are
important for downstream NA release, is important for translational potential in human health.

By understanding how opioids provide pain relief, we may be able to pinpoint circuits that are
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“druggable” to produce analgesia in the absence of negative opioid side effects. Additionally, by
studying these same circuits in the context of chronic pain or opioid tolerance, we maximize our
chances of producing analgesics that help those burdened most by pain-related negative
consequences. However, we also can look at our use of opioids drugs in acute assays as tools in
understanding the logic of descending pain modulation in more naturalistic settings. In addition
to exogenous opioids like morphine, opioid receptors bind endogenous opioids, such as
enkephalins, dynorphin, and endorphins. Endogenous opioids are implicated in a variety of pain
modulatory conditions that do not require opioid drugs, such as stress-induced analgesia (Butler
and Finn, 2009) and placebo analgesia (Benedetti and Amanzio, 1997). We hypothesize that
further study might prove spinal NA signaling to be an important endpoint of these forms of
analgesia as well.

Overall, we believe that the work in this dissertation represents an important step forward
in understanding the strongly antinociceptive release of NA in the spinal cord. While many
portions of the DPMS circuitry, such as canonical projections from PAG to RVM to the dorsal
horn and the importance of spinal noradrenergic signaling, have been established in a rich body
of literature spanning decades, we believe the efforts herein bring together these important pieces
and fill critical gaps in our understanding of how descending NA is triggered to produce

antinociception.
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Figure 5.1 Preliminary studies to assess cross tolerance between PAG-to-RVM DPMS activation
and systemic morphine.

A. Schematic of viral injections used to chemogenetically activate vIPAG neurons that project to
RVM. B. Timeline of hot plate testing, including systemic drug used per day. C. Hot plate
baseline withdrawal latencies and induction of morphine tolerance for both HM3D and control
mice. D. Hot plate withdrawal latencies in HM3D (white and red) and control (white and grey)
mice at baseline and CNO administration days before (Day 3) and after (Day 9) morphine
tolerance induction. All bar graphs represented as mean + SEM.

Chapter 5 contains unpublished material coauthored with Banghart, Matthew R.

The dissertation author was the primary researcher and author of this chapter.
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