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Abstract

The locus coeruleus (LC) plays a paradoxical role in chronic pain. Although largely known as a
potent source of endogenous analgesia, increasing evidence suggests injury can transform the
LC into a chronic pain generator. We sought to clarify the role of this system in pain. Here, we
show optogenetic inhibition of LC activity is acutely antinociceptive. Following long-term spared
nerve injury, the same LC inhibition is analgesic — further supporting its pain generator function.
To identify inhibitory substrates that may naturally serve this function, we turned to endogenous
LC mu opioid receptors (LC-MOR). These receptors provide powerful LC inhibition and
exogenous activation of LC-MOR is antinociceptive. We therefore hypothesized that endogenous
LC-MOR-mediated inhibition is critical to how the LC modulates pain. Using cell type-selective
conditional knockout and rescue of LC-MOR receptor signaling, we show these receptors
bidirectionally regulate thermal and mechanical hyperalgesia — providing a functional gate on the
LC pain generator.

Introduction

The role of the locus coeruleus-noradrenergic (LC-NE) system in chronic pain is both
controversial and enigmatic. The LC-NE system is a powerful acute endogenous analgesia
system(7), but evidence also suggests neuropathic injury converts this analgesia system into a
system that sustains chronic pain, or in other words, a pain generator. Canonically, the LC
modulates descending control of nociception via efferent projections to the dorsal horn of the
spinal cord(2). Supporting this concept, spinal norepinephrine release from LC activation inhibits
nociceptive inputs to the dorsal horn via activation of postsynaptic a2 adrenergic receptors(3).
LC-mediated analgesia is further supported by studies showing that cell type- and projection-
selective activation of these spinal projections is both antinociceptive and analgesic(7, 4). Recent
work, however, demonstrated that activation of LC projections to the deep spinal cord disrupted
diffuse noxious inhibitory control of wide dynamic range neurons — a phenomenon thought to
underly conditioned pain modulation(5, 6). In this vein, work in human subjects has shown that
LC activity is associated with the interaction between attention (increased visual sensory
discrimination) and analgesia (diminished nociceptive percept)(7). The role of the LC in pain
becomes further complicated when incorporating studies that disrupt its normal function. In
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particular, lesioning the LC following neuropathic injury can reverse mechanical
hypersensitivity(8, 9) — suggesting some role in maintaining chronic neuropathic pain. While there
is evidence that neuropathic injury induces neural plasticity and differential gene expression in LC
neurons(70), it is not immediately clear how these plastic changes convert an analgesic system
into a pain generator.

The apparently contradicting role of LC in pain may be due in part to the functional
heterogeneity within the LC(77). Traditionally the LC has been thought of as a mostly
homogenous brainstem structure due to its nearly ubiquitous expression of somatic
norepinephrine, vast efferent system(72), and gap junction coupling between LC neurons(73).
However, a growing body of evidence is rapidly redefining this important neuromodulatory
system(4, 12, 14-17). For example, in rats with neuropathic injury, while chemogenetic activation
of LC-NE neurons projecting to the spinal cord expectedly reversed allodynia, activation of LC-
NE projections to the medial prefrontal cortex conversely increased spontaneous pain
behaviors(4). Similarly, extensive work has shown that LC-mediated pain-induced negative
affective and cognitive behaviors can be isolated from sensory modulation through distinct
projections to the basolateral amygdala, anterior cingulate, hippocampus, dorsal reticular
nucleus, and spinal cord(18-217). While most heterogeneity in the LC has been described in terms
of efferent projections, emerging evidence also points to important afferent input to the LC in pain-
related behaviors(22—-24).

This afferent control of the LC is mediated through various cell-surface receptors. To that
end, LC mu opioid receptors (LC-MOR) have also been implicated in changes to nociceptive
processing. While it has long been postulated that LC-MOR dampen the stress response in these
neurons(25-30), the endogenous MOR ligand met-enkephalin also induces antinociception when
infused in the LC during the tail flick test(37). Likewise, LC infusion of the highly selective MOR
agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) induces thermal antinociception. This
DAMGO-mediated antinociception is reduced during persistent inflammatory pain, likely from the
downregulation of LC-MOR protein expression(32). Neuropathic injury has also been shown to
decrease expression of oprm1 (the gene coding for MOR) in the rat LC(33). Together, these
studies suggest LC-MOR may be a critical component to LC control of nociceptive processing.
Here, we show that loss of LC inhibition from endogenous opioids may underly sustained pain in
injured animals. We use inhibitory optogenetics to isolate the role of LC during acute nociception
and nociception following chronic nerve injury. Furthermore, using a conditional knockout
approach, we show that LC-MOR expression is required for normal nociception, and that restoring
either LC-MOR signaling or receptor expression reverses the hypersensitivity that is caused by
spared nerve injury in mice. Together, these data suggest that disruption of LC-MOR-mediated
inhibitory tone in the LC converts this analgesic system into a pain generator.

Results
High tonic LC activity during hot plate test is not necessary for stress-induced antinociception

Noradrenergic neurons within the LC-NE system canonically exhibit three distinct activation
profiles: low tonic, high tonic, and phasic activity. These firing profiles function differently in
determining behavioral flexibility to various environmental challenges. Low tonic LC discharge (1-
2 Hz) is thought to be consistent with an awake state(34, 35), whereas phasic bursts(717, 36)
results from distinct sensory stimuli(34, 37, 38). Our previous work, and that by others, has shown
that high tonic LC activity (3-8 Hz) drives anxiety-like behavior in mice and rats(714, 21, 39—42).
However, other studies have demonstrated that this same high tonic activation of LC neurons can
be either antinociceptive or pronociceptive, depending on dorsal-ventral localization or efferent
projection target(7, 4). These observations led us to hypothesize that stress-induced high tonic
LC-NE may lead to stress-induced antinociception. Indeed, we find that the same 30-minute
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restraint stress that induces anxiety-like behavior(39) is also strongly antinociceptive in a hot plate
test in mice (Supplementary Fig. 1A&B). To determine whether stress-induced high tonic LC
activity was responsible for this stress-induced antinociception during noxious stimulation, we
sought to use an inhibitory optogenetic approach in mice that was previously used to successfully
silence rat LC neurons(43). To do so, we selectively expressed a soma-targeted anion-conducting
channelrhodopsin (stGtACR2) in the LC of mice heterozygously expressing Cre recombinase in
place of dopamine beta hydroxylase (Dbh°™::LC-stGtACR2). We first validated this approach with
ex vivo electrophysiological recordings of locus coeruleus neurons (Fig. 1A). Here we show 470
nm activation of stGtACR2 efficiently suppresses spontaneous LC action potentials for up to 35
seconds, substantially longer than the 30-second cutoff we use to prevent tissue damage on the
hot plate (Fig. 1B&C; Supplementary Fig. 2A&B). This photoinhibition was particularly efficient,
with as little as 2 mW light providing complete inhibition of spontaneous LC firing (Fig. 1D).
Furthermore, we show that this stGtACR2-mediated inhibition is sufficient to silence activity
evoked from large current injections (Fig. 1E&F). These recordings suggest stGtACR2 can
maintain complete silencing against substantial excitatory input, likely larger than physiological
input to the LC in vivo during nociception(44). As might be expected from prior studies with
stGtACR2(43, 45-47), whole-cell and cell-attached recordings of stGtACR2 expressing locus
coeruleus neurons show rebound firing immediately after blue light cessation (Supplementary
Fig. 2C&D). This rebound activity, however, is unlikely to affect our behavioral tests, as behavior
is recorded and tested exclusively during LC inhibition. To ensure a smooth transition from the
restraint stress to hot plate testing, we outfitted mice with a head-fixation bracket around bilateral
fiber optic implants above the LC (Supplementary Fig. 3A) and restrained animals by both head
and body restraint—this approach yields similar antinociception to restraint with a conical tube
alone (Supplementary Fig. 3B). With all this information in hand, we next created a new cohort
of Dbh®™::LC-stGtACR2 and Dbh®"™::LC-mCherry mice with the combined head-fixation bracket
and bilateral fiber optic implants above the LC to test whether LC inhibition during the hot plate
test could suppress stress-induced antinociception (Fig. 1G). Here, LC inhibition had no effect on
either Dbh®::LC-stGtACR2 or Dbh®™::LC-mCherry stress groups (Fig. 1H), suggesting that high
tonic LC activity is not necessary for the stress-induced antinociception during noxious sensation.
Instead, much to our surprise, LC inhibition in Dbh°"::LC-stGtACR2 no stress controls was
significantly antinociceptive compared to Dbh®™::LC-mCherry no stress controls (Fig. 1H). These
findings suggest that, perhaps more so than in stress states, basal LC activity is critical to normal
nociception in naive animals. We next sought to determine the extent of this contribution across
multiple sensory modalities.

Intact locus coeruleus activity contributes to baseline hind paw sensory thresholds

While prior studies have shown that high tonic LC activation can be either antinociceptive or
pronociceptive(7, 4), these studies did not address the extent to which spontaneous LC activity
may contribute to baseline nociceptive thresholds. To determine whether ongoing LC activity is
required for baseline nociceptive thresholds in mice, we once again expressed Cre-dependent
stGtACR2 or mCherry and implanted fiber optics bilaterally above the locus coeruleus of Dbh®™®
mice (Dbh®"*::LC-stGtACR2 or Dbh®™::LC-mCherry) (Fig. 2A). To determine whether LC activity
is required for normal hind paw sensory processing, we inhibited LC neurons during von Frey and
Hargreaves tests. LC inhibition increased the force necessary to elicit a paw withdrawal in
Dbh®™::LC-stGtACR2 compared to Dbh®™::LC-mCherry, suggesting LC activity is necessary to
establish normal evoked mechanical thresholds (Fig. 2B). Similarly, when we repeated this
approach using the Hargreaves test, LC inhibition also significantly increased thermal withdrawal
thresholds (Fig. 2C). In these evoked tests, one possible alternative explanation is that LC
inhibition produces sedation(35). However, mice were fully active in the hot plate test, and LC
inhibition did not reduce locomotion in a real-time place preference test (Supplementary Fig. 4)
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— in each case showing no signs of sedation. Taken together, these results indicate that
spontaneous LC activity helps establish sensory thresholds across both thermal and mechanical
domains.

Locus coeruleus inhibition is analgesic in a time-dependent manner

While LC inhibition increases thermal and mechanical thresholds in naive mice, it is not
immediately clear that this same inhibition would provide analgesia in a chronic pain state. To test
this hypothesis, we next sought to determine whether the antinociceptive effect of LC inhibition
was maintained following neuropathic injury. To do so, we used the spared nerve injury (SNI)
model on these same mice, ligating the tibial and peroneal nerve to cause robust and prolonged
mechanical hypersensitivity(48-57)(Fig. 2D). As expected, one week after SNI, both groups of
animals were significantly hypersensitive on the injured limb (Fig. 2E). At this one-week timepoint,
however, LC inhibition was no longer antinociceptive in the injured limb. Remarkably, this bilateral
LC inhibition led to modest, but significant, hypersensitivity in the non-injured limb (Fig. 2E). In
contrast, four weeks after injury, LC inhibition-induced antinociception was significantly restored
in the injured limb of Dbh®™::LC-stGtACR2 mice, and the contralateral hypersensitivity in the non-
injured limb was no longer present (Fig. 2F). This reversal of mechanical hypersensitivity appears
to be directly related to noxious sensation, as LC inhibition does not induce a place preference
using real-time place testing, providing no evidence of reward from ongoing pain relief
(Supplementary Fig. 4). These findings further highlight the complexity of LC-mediated
analgesia, with both duration and site of injury showing evidence of adaptation over time.
Importantly, the analgesic effect of LC inhibition four weeks after SNI is consistent with prior lesion
studies that led to the pain generator hypothesis(8, 9, 58).

LC-MOR expression is critical for LC-mediated baseline nociceptive behaviors

Following the observation that exogenous LC inhibition alters nociception in mice, we sought to
determine what endogenous inhibitory mechanisms might do the same. MOR are a clear
candidate for such a purpose as they are inhibitory G-protein coupled receptors that are heavily
expressed in LC neurons and provide potent inhibition when activated(Fig. 3A)(25, 569—63). LC-
MOR agonism is antinociceptive, and prior studies have suggested that inflammatory and
neuropathic injuries decrease LC-MOR protein and oprm1 gene expression in the LC(32, 33, 64).
To determine whether LC-MOR are required for LC-mediated nociceptive control, we generated
a noradrenergic neuron-selective conditional knockout mouse through multiple generations of
breeding between Dbh®"*" mice and mice with JoxP sites on either side of exons 2-3 of the oprm1
gene (Oprm1"™\(Fig. 3B)(65). After reaching Oprm1" homozygosity, Oprm1"xDbh°™*" LC
neurons lose DAMGO-mediated inhibition (Fig. 3C&D), consistent with functional disruption of
MOR in these cells. Importantly, this LC-MOR deletion does not lead to compensatory changes
in spontaneous firing, rheobase, excitability, or input resistance in these cells (Fig. 3E-H). We
next sought to determine whether Oprm1""xDbh®™*- mice have normally preserved nociceptive
behavioral outputs. To do so, we performed von Frey and Hargreaves’ testing to determine
mechanical and thermal withdrawal thresholds, respectively, in these mice compared to Cre
negative controls (Oprm1""xDbh°"). We found Oprm1""xDbh°"™*~ mice have significantly
decreased mechanical and thermal thresholds, suggesting that noradrenergic MOR expression
is required for LC-mediated nociceptive thresholds (Fig. 31&J). This finding is particularly notable
given that global MOR deletion (oprm1” mice) decreases thermal nociception and prevents the
antinociceptive effects of morphine(66, 67) (Supplementary Fig. 5A-C). This difference aligns
with the idea that MOR expression outside of noradrenergic cells is critical for typical MOR-
mediated analgesia(68—77). Despite not detecting any compensatory changes in LC
electrophysiological properties (Fig. 3E-H), Oprm1""xDbh®"*" have LC-MOR deleted throughout
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development and it is possible that oprm1 expression is perturbed in other Dbh+ cells. To control
for these possibilities, we also bilaterally delivered AAV5-hSyn-eGFP-Cre anatomically to the LC
of oprm 1" mice (Supplementary Fig. 6A). This approach allows for conditional deletion of MOR
expression in the LC during adulthood closer to the time of behavioral testing while also
maintaining intact MOR expression during development and elsewhere in the body. This viral
oprm1"::LC conditional knockout had similar decreased baseline mechanical withdrawal
thresholds to the Oprm1"xDbh°"**" mice (Supplementary Fig. 6B). Altogether, deletion of LC-
MOR appears to cause a pronociceptive phenotype compared to mice with intact oprm1
expression, suggesting LC-MOR contributes to LC control of nociception.

Restoration of MOR signaling in the LC reverses Oprm1""xDbh®"* pronociceptive phenotype

Mice lacking MOR in the LC respond to lower levels of mechanical force and react more rapidly
after the application of a noxious heat stimulus. To determine whether LC-MOR signaling itself is
responsible for this pronociceptive phenotype, we used the light-sensitive chimeric opto-MOR
receptor we previously helped develop(78). Opto-MOR allows for cell type- and intracellular
signaling cascade-selective rescue of the G-coupled inhibitory signaling associated with MOR
activation. Furthermore, due to its extracellular component unable to bind endogenous MOR
ligands, it also leverages temporal control of signaling activation via photostimulation. To test
whether this restoration of signaling would restore normal nociception, we used AAV5-Ef1a-DIO-
OMOR-EYFP to selectively express opto-MOR in the LC of Oprm1""xDbh®™*" mice (Fig. 4A&B).
We then bilaterally implanted fiber optics above the LC. Due to the extreme photosensitivity of
the chimeric receptor, opaque black caps were used to prevent ambient light from entering the
fiber optic ferrules between experiments. We had two different control groups for this experiment.
For the first group, we expressed AAV5-Ef1a-DIO-OMOR-EYFP into the LC of
Oprm1fl/fixDbhCre-/- mice, as these mice were unable to express the chimeric receptor due to
the absence of the Cre recombinase. This group was needed to control for off-target effects of
illumination in mice with normal nociception. The second control group expressed AAV5-Ef1a-
DIO-EYFP in the LC of Oprm1fl/fixDbhCre+/- mice, as these MOR conditional knockouts maintain
the pronociceptive phenotype while also experiencing viral delivery into LC. Opto-MOR activation
in the LC of Oprm1"'xDbh®™*" mice increased thermal paw withdrawal latencies in a light-
dependent manner with no effect in either control group (Fig. 4D). Likewise, opto-MOR LC
activation in the same Oprm1"'xDbh°™*" mice also increased mechanical thresholds in the von
Frey test (Fig. 4E). These findings suggest restoration of LC-MOR signaling alone is sufficient to
reverse the pronociceptive phenotype in Oprm1"xDbh®*" mice. Similar to when we inhibit LC
activity in Dbh®™*" mice, we see no change in locomotion or real-time place preference from opto-
MOR activation in Oprm1""xDbh“"**~ mice (Supplementary Fig. 7). These data indicate that LC-
MOR signaling directly alters thermal and mechanical thresholds.

Intra-LC MOR rescue in Oprm1"xDbh®™®*" mice reverses chronic neuropathic injury-induced
hypersensitivity

After discovering that LC-mediated baseline sensation is modulated by LC-MOR signaling, we
next sought to determine whether full receptor rescue could reverse SNI-induced hypersensitivity.
Although the Oprm1"xDbh®™*" mice lack LC-MOR, no modifications were explicitly made to
endogenous opioid ligands. If these neuropeptides are still intact, then rescue of LC-MOR
expression should mitigate SNI-induced hypersensitivity. This idea aligns with the previously
observed decrease in LC oprm1 expression after injury, altered opioid-induced activity, and
decrease in LC-MOR protein after inflammatory pain(32, 33, 64). To test this hypothesis, we first
bilaterally expressed the human OPRM1 gene in the LC of in Oprm1"'xDbh“**"- mice (Fig. 5A&B)
and demonstrated that this approach rescues DAMGO-induced LC inhibition in cell-attached
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recordings (Fig. 5C-E). Notably, this inhibition through rescued hMOR expression falls into the
physiological range provided by endogenous LC-MOR in the naive LC (Fig. 2C&D), minimizing
concern for under- or over-expression in subsequent behavioral experiments. To determine
whether endogenous opioid ligands could then restore LC-MOR signaling, we next created a new
cohort of Oprm1""xDbh®**"- mice and performed SNI or Sham surgeries on to induce long-term
thermal and mechanical hypersensitivity (Fig. 5F). Eight weeks after SNI, Oprm 1" xDbh*"::SNI
mice were mechanically and thermally hypersensitive compared to Oprm1""xDbh®®*"::Sham
controls (Fig. 5G&H). We then bilaterally expressed OPRM1(79) in the LC of both Sham and SNI
Oprm1"xDbh®"®*~ mice and waited four weeks for expression of the rescued receptor.
Remarkably, we found that hMOR expression in Oprm1"xDbh®®*-::SNI mice completely
reversed SNI-induced thermal and mechanical hypersensitivity with no clear effect on
Oprm1""xDbh®™*"::Sham controls (Fig. 5G&H). These data indicate that rescuing LC-MOR is
sufficient for endogenous opioid ligands in the LC to blunt ongoing pain from nerve injury.
Altogether, our results suggest LC-MOR-mediated inhibition is critical for evoked sensory
responses and, without this LC-MOR-mediated inhibition, the LC generates pronociceptive
behavior that can sustain chronic pain.

Discussion

The locus coeruleus noradrenergic system is well known as a key region in pain neural circuitry(7—
5, 7-10, 18, 20, 80-84). Several studies have noted that the LC leverages its breadth of efferent
circuitry to command robust control over nociceptive processing(7, 4-6, 18, 20, 21, 85). Despite
elegant previous work, the precise role the LC plays in pain control remains elusive, with clear
evidence for both analgesia and generation of chronic pain(71, 4, 5, 8, 9, 86). Several studies show
the LC mediates acute antinociceptive effects when tonic activity is high(7, 4, 20, 85). Here we
demonstrate that spontaneous LC activity makes important contributions to the evoked responses
from mechanical and noxious thermal stimuli. We first identified this phenomenon while testing
the role of LC activity in stress-induced antinociception on the hot plate test (Fig. 1H). While this
experiment found that LC inhibition during the hot plate test did not alter stress-induced
antinociception, further work is necessary to identify whether LC activity during the stressor itself
plays a role in restraint stress-induced antinociception. Additionally, we have shown that silencing
of LC spontaneous activity under chronic neuropathic pain conditions reveals a time-dependent
analgesic effect (Fig. 2E&F). While this observation aligns with other studies in rats where LC
firing in response to noxious stimuli potentiated under neuropathic pain conditions after four
weeks of injury, but not earlier(87), it also highlights the complexity of the LC’s role in pain because
the response to LC inhibition evolves over time and differentially across hindlimbs. One-week
after SNI, the injured limb no longer responds to LC inhibition, but the non-injured limb shows
enhanced sensitivity. However, four weeks after SNI, LC-mediated inhibition is restored in the
injured limb with a trend towards antinociception in the non-injured limb. Following the thread of
LC inhibition-mediated control of sensory thresholds, we also report that LC-MOR-mediated
inhibition is critical for regulating evoked sensory thresholds. Importantly, in conditional knockout
mice lacking MOR in all noradrenergic cells (Oprm1"xDbh“"*"), we found that selectively
rescuing LC-MOR signaling or the receptor itself reverses basal pronociceptive phenotypes and
SNI-induced hypersensitivity, respectively (Fig. 3 & 4). These findings add to our understanding
of the LC system in pain and suggest that strategies to maintain LC-MOR signaling may be useful
for mitigating chronic pain. These results also support the hypothesis from previous literature that,
despite its acute antinociceptive properties, the LC acts as a chronic pain generator(5, 8, 9, 58).
Importantly, our work also adds critical new evidence that loss of LC-MOR may underly the
transition from acute analgesia system to chronic pain generator.

This additional insight into the function of LC-MOR expands this receptor system’s functional role
in the LC. Most prominently, LC-MOR are thought to bring an end to the LC high tonic stress
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response (25-30), but important prior studies identified MOR activation in the LC as
antinociceptive(37, 32). Furthermore, long-term neuropathic injury causes acute MOR
desensitization and reduced DAMGO responses in rats(88), and our results in mice suggest this
inhibitory G-protein coupled system is critical for regulating LC-mediated nociception. Other
contemporaneous work has identified the LC as a critical node for supraspinal exogenous opioid-
mediated antinociception through the descending pain system(89). Altogether, these results
suggest rescued mu opioid receptor function may be a therapeutic target for the treatment chronic
pain. However, further study is needed to quantify MOR expression in LC neurons through the
duration of neuropathic injury. It is not yet clear, however, whether MOR function is uniquely
required for this effect. Previous studies have shown lesions or blockade of LC activity reverses
neuropathic injury-induced hypersensitivity(8, 9). Therefore, it stands to reason that other
endogenous inhibitory systems within the LC may produce similar behavioral responses(25, 59—
63, 82, 86, 90-97). Future work should pursue this hypothesis to identify new, potentially
analgesic mechanisms. Further study is also needed to isolate the neural circuit underpinnings of
LC-MOR-gated pain generation. One possible explanation lies in the extensive efferent circuitry
of the LC-NE system(77). Recent elegant studies have identified discrete LC modules
differentially modulating pain-related behaviors(7, 4-6, 18, 20, 21). For example, it is clear that
activation of LC projections to the medial prefrontal cortex produces pronociceptive behaviors and
drive hyperalgesia following neuropathic injury(4). It might be that LC-MOR gate the LC pain
generator by selectively blunting this projection.

We report here that LC spontaneous activity is critical for normal nociception and regulation
chronic nerve injury-induced hypersensitivity. These findings have broad implications for our
understanding of the chronification of pain. Further study of noradrenergic circuits and inhibitory
signaling pathways in these neurons will bring us closer to successfully leveraging the LC system
as a target for the treatment of chronic neuropathic pain.

Materials and Methods

Animal Subjects

Adult male and female C57BL/6J (JAX:000664), Dbh®™*" (JAX:033951), Oprm1™ (JAX: 030074),
Dbh®™* x Oprm1™ and Oprm17 (JAX:007559) mice were used starting from age 8 weeks. Mice
were originally sourced from The Jackson Laboratory (Bar Harbor, ME, USA) and bred in-house
in a barrier facility in another building. These animals were transferred to a holding facility adjacent
to the behavioral space between 4-6 weeks of age. Mice were then left undisturbed except for
necessary husbandry to habituate to the new facility until 8 weeks of age. All mice were group-
housed, given ad libitum access to standard laboratory chow (PicoLab Rodent Diet 20, LabDiet,
St. Louis, MO, USA) and water, and maintained on a 12:12-hour light/dark cycle (lights on at 7:00
AM). All experiments and procedures were approved by the Institutional Animal Care and Use
Committee of Washington University School of Medicine in accordance with National Institutes of
Health guidelines.

Stereotaxic Surgery

Mice were anaesthetized in an induction chamber (3% isoflurane) and placed in a stereotaxic
frame (Kopf Instruments, Model 940) where they were maintained at 1-2% isoflurane. A
craniotomy was performed and mice were injected with 250 nl of AAV1-hSyn1-SIO-stGtACR2-
FusionRed, AAV1-hSyn-DIO-mCherry, AAV5-syn1-FLEX-oScarlet-T2A-FLAG-hMOR-WPRE,
AAV5-Ef1a-DIO-oMOR-eYFP, AAV5-Ef1a-DIO-EYFP, or AAV5-hSyn-eGFP-Cre bilaterally into
the LC (stereotaxic coordinates from bregma, anterior posterior (AP): -5.45, medial lateral (ML):
+/-1.10, dorsal ventral (DV): =3.75 mm. Mice were then implanted with fiber optic cannula with
coordinates adjusted from viral injection -5.45 AP, +/- 1.57 ML, -3.30 DV and implanted at a 10°
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angle). Implants were secured using Metabond dental cement (C&B Metabond, Edgewood, NY)
and super glue. Postoperative care included carprofen tablets and subcutaneous saline injection
immediately following surgery. Mice were allowed to recover for 3-6 weeks prior to behavioral
testing; this interval also permitted optimal AAV expression and Cre recombinase activity. pAAV-
Syn1-FLEX-mCh-T2A-FLAG-hMOR-WPRE(79) was a gift from Matthew Banghart (Addgene
plasmid # 166970 ; http://n2t.net/addgene: 166970 ; RRID:Addgene_166970) which was modified
to express the oScarlet fluorophore in place of the original mCherry.

Virus Name: Catalog # Titer Source
AAV1-hSyn1-SIO-stGtACR2- 105669-AAV1 | 1x10" vg/mL Addgene
FusionRed
AAV1-hSyn-DIO-mCherry 50459-AAV1 | 7x10" vg/mL | Addgene
AAV5-syn1-FLEX-oScarlet-T2A-FLAG- | Original 1x10" vg/mL Washington
hMOR-WPRE plasmid: University Hope
Addgene# Center
166970
AAV5-Ef1a-DIO-oMOR-eYFP N/A 1x10" vg/mL Washington
University Hope
Center
AAV5-Ef1a-DIO-EYFP 27056-AAVS 1x10" vg/mL Addgene
AAV5-hSyn-HI-eGFP-Cre-WPRE-SV40 | 105540-AAV5 | 7x10" vg/mL Addgene

Stress-Induced Antinociception
Mice were immobilized in modified disposable conical tubes once for 30 minutes as previously
described(39) and were then immediately transferred to the hot plate test.

Hot plate test
The hot plate apparatus was adapted from the operant thermal plantar assay (98). The hot plate

was purchased from TE Technologies Inc. (CP-061HT). The Peltier device is independently
controlled by a power supply (PS-12-8, 4A, TE Technology) and temperature controller (TC-48—
20, TE Technology). Short cast Acrylic Tubing (7' height, E-plastics) was used to contain mice on
the plate. The plate's surface temperature was monitored using a surface probe thermometer and
maintained at 55°C (Pro-surface thermapen-Thermoworks). Mice were placed onto the hot plate
for testing and removed either after 30 seconds of test or after completely a jump defined as both
hind paws being removed from the hot plate at once.

Mechanical sensitivity (von Frey)

Mice were acclimated for 2 hours on an elevated wire mesh grid in 5-inch diameter plexiglass
cylinders wrapped in black opaque plastic sheets. Mechanical hypersensitivity was determined
by applying von Frey filaments (Bioseb, Pinellas Park, FL,USA) to the lateral aspect of the hind
paw using the up-down method as described previously. Von Frey filaments were used at a
force ranging from 0.02 g to 3.5 g. Each von Frey filament stimulation for each mouse was
separated by 2 minutes. 50% withdrawal threshold was calculated as previously described.

Thermal Plantar Assay (Hargreaves)

Mice were habituated to the Hargreaves apparatus (lITC Life Science, Woodland Hills, CA) in
one-hour intervals daily, three days before behavioral testing. On test day, mice were allowed to
habituate for 30 minutes before testing. The heat stimulus was set to 40% intensity. Paw
withdrawal was considered as the paw being removed from the Hargreaves glass surface
completely before heat cessation (max duration 30 seconds). Experimental values were
determined by averaging values from left and right foot except where reported separately.
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Spared Nerve Injury (SNI)

The surgical procedure for the SNI-induced model of neuropathic pain was performed as
described previously(50, 56, 57). Mice were anesthetized with 3% isoflurane and right hind limb
shaved and disinfected with 75% ethanol and betadine. A 10-15 mm incision was made in the
skin proximal to the knee to expose the biceps femoris muscle. Separation of the muscle allowed
visualization of the sciatic nerve trifurcation. The common peroneal and tibial branches were
ligated with 6-0 silk suture (Ethicon Inc., Raritan, NJ, USA) and 1 mm of nerve was excised distal
to the ligature, leaving the sural branch intact. Following wound closure mice were allowed to
recover on a table warmed to 43°C prior to being returned to their home cage. Sham surgeries
were identical to the SNI procedure without the ligation, excision, and severing of the peroneal
and tibial branches of the sciatic nerve. Behavioral testing on these animals began on post-
operative day 7 and wound clips were removed from the healed incision after testing was
completed on post-operative day 7. Experimenters were blinded to mouse conditions including
sex and injury status during experimental data collection and analysis.

Real-time place preference test

Animals were placed in a custom-made unbiased, balanced two-compartment conditioning
apparatus (52.5 x 25.5 x 25.5 cm). Conditioning apparatus was filled with the same bedding used
in mouse home cages equally on both sides. Mice were allowed to freely roam the entire
apparatus for 20 min. Entry into one compartment triggered photostimulation of 20 Hz frequency,
2-3mW output for opto-MOR experiments and constant photostimulation, 10 mW output for
GtACR2 experiments for the duration the animal remained in the light-paired chamber. Entry into
the no light-paired chamber ended photostimulation.

Immunohistochemistry

Mice were anesthetized with ketamine and transcardially perfused with ice-cold 4%
paraformaldehyde in 1x phosphate buffer saline (PBS). Brains were dissected, post-fixed for 24
hours at 4 °C and cryoprotected with solution of 30% sucrose in 0.1M PB at 4°C for at least 24
hours, cut into 30 um sections and processed for immunostaining. 30 um brain sections were
washed three times in PBS and blocked in PBS containing 0.5% Triton X-100 and 5% normal
goat serum. Sections were then incubated for ~16 hours at 4°C in chicken anti-TH (1:1000, Aves
Labs). Following incubation, sections were washed three times in PBS and then incubated for 2
hr at room temperature in Alexa Fluor 488 goat anti-chicken 1gG (1:1000, Invitrogen), or Alexa
Fluor 594 goat anti-chicken IgG (1:1000, Invitrogen) and then washed three times in PBS followed
by three 10-min rinses in PB. Sections were then mounted on glass slides with Vectashield
Antifade Mounting Medium (Vector Labs) for microscopy. All sections were imaged on an
epifluorescent microscope.

Antibody name Host Target Catalog | Dilution Source
Species

Anti-TH Chicken | Tyrosine Hydroxylase | TYH 1:1000 Aves Labs Inc.

Goat anti-Chicken | Goat Chicken A11039 | 1:1000 Invitrogen

488

Goat anti-Chicken | Goat Chicken A11042 | 1:1000 Invitrogen

594

In situ hybridization
Following rapid decapitation of C57BL6/J mice, brains were rapidly frozen on dry ice. Tissue
sections contained the locus coeruleus were cut at 10 yM at —20°C and thaw-mounted onto Super
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Frost Plus slides (Fisher, Waltham, MA). Slides were stored at —80°C overnight. Fluorescent in
situ hybridization (ISH) was performed according to the RNAScope 2.0 Fluorescent Multiple Kit
User Manual for Fresh Frozen Tissue (Advanced Cell Diagnostics, Inc.), as described (99).
Briefly, sections were fixed in 4% PFA, dehydrated with alcohol (50%, 75%, 100%) concentrations
in ascending order. Sections were pretreated with hydrogen peroxide for 15 min at room
temperature and washed in a 1X PBS solution twice for 2 min each. Post-wash, the sections were
pretreated with protease IV solution. Sections were then incubated target probes for mouse oprm1
(468568) (C1), dbh (464621) (C2). Probes were obtained from Advanced Cell Diagnostics.
Following probe hybridization, sections underwent a series of probe signal amplification steps
followed by incubation with fluorescently labeled probes designed to target the specified channel
associated with oprm1 (fluorescein), dbh (cyanin3). Slides were counterstained with DAPI, and
coverslips were mounted with Vectashield Hard Set mounting medium (Vector Laboratories).

Electrophysiology

Adult mice were deeply anaesthetized via i.p. injections of a ketamine/xylazine/acepromazine
cocktail. Upon sedation, mice were perfused with slicing-aCSF consisting of 92 mM N-methyl-d-
glucose (NMDG), 2.5 mM KCI, 1.25 mM NaH2PO4, 10 mM MgSO4, 20 mM HEPES, 30 mM
NaHCO3, 25 mM glucose, 0.5 mM CaClz, 5 mM sodium ascorbate and 3 mM sodium pyruvate,
oxygenated with 95% O2 and 5% CO2. pH of aCSF solution was 7.3—7.4 and osmolality adjusted
to 315-320 mOsm with sucrose. The brainstem was dissected and embedded with 2% agarose
in slice-aCSF. Coronal brain slices were cut into 350um slices using a vibratome (VF310-0Z,
Precisionary Instruments, MA, USA) and incubated in warm (32°C) slicing-aCSF for 30 mins. After
incubation slices were transferred to holding-aCSF containing 92 mM NacCl, 2.5 mM KCl, 1.25
mM NaH.PO4, 30 mM NaHCOs, 20 mM HEPES, 25 mM glucose, 2 mM MgSO., 2 mM CaCl,, 5
mM sodium ascorbate and 3 mM sodium pyruvate, oxygenated with 95% O2 and 5% CO2. pH of
solution was 7.3-7.4 and osmolality adjusted to 310-315 mOsm. Slices were placed into a
recording chamber mounted on an upright microscope (BX51WI, Olympus Optical Co., Ltd,
Tokyo, Japan) with epifluorescence equipment and a highspeed camera (ORCA-Flash4.0LT,
Hamamatsu Photonics, Shizuoka, Japan) while perfused continuously with warm (29-31°C)
recording-aCSF containing 124 mM NaCl, 2.5 mM KCI, 1.25 mM NaH2PO4, 24 mM NaHCOs3, 5
mM HEPES, 12.5 mM glucose, 2 mM MgClz, 2 mM CacCl,, oxygenated with 95% O2 and 5% CO2
and pH 7.3-7.4 with osmolality adjusted to 305-310 mOsm using sucrose. All recordings were
performed using visual guidance (40x water immersion objective lens, LUMPLFLN-40xW,
Olympus, Tokyo, Japan) through glass pipette pulled from borosilicate glass capillary (GC150F-
10, Warner Instruments, Hamden, CT, USA) with a resistance around 6-9 MQ. For whole-cell
recording, glass pipettes were filled with potassium gluconate-based intra-pipette solution
consisting of 120 mM potassium gluconate, 5 mM NaCl, 10 mM HEPES, 1.1 mM EGTA, 15 mM
Phosphocreatine, 2 mM ATP and 0.3 mM GTP, pH 7.2—7.3 and osmolality adjusted to 300 mOsm.
Data from current-clamp mode were discarded if the membrane potential (Vm) of recorded cell
was over —40 mV or action potentials did not overshoot 0 mV. For voltage-clamp recordings,
membrane potential was clamped at -70mV and data was only accepted if serial resistance varied
smaller than 20% of the baseline value, which was less than 20 MQ typically. All data were
collected using a Multiclamp 700B amplifier (Molecular Devices, San Jose, CA, USA) with a low-
pass filtered at 2 kHz and digitized at 10k Hz through Axon Digidata 1440A interface (Molecular
Devices, CA, USA) running Clampex software (Molecular Devices, CA, USA). In optogenetic
experiments, brain slices were cut from Dbh®™® mice bilaterally injected with AAV1-hSyn1-SIO-
stGtACR2-FusionRed (Addgene, MA, USA) into the LC and allowed to recover for 5-8 weeks.
Blue light pulses were generated from an LED light source delivered through the epifluorescence
optical path controlled by Axon Digidata 1440A, light intensity was set to 10mW with 2ms duration
at 0.05Hz unless specified otherwise.
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For input-output relationship and input resistance data, all recordings were performed with
synaptic blockers containing 200uM kynurenic acid, 1uM strychnine and 100uM picrotoxin.
Recorded cells were continuously clamped at -70mV under current-clamp mode and received
one second current injections with 10pA steps. Input resistance was calculated using the linear
portion of responses from current injection between -30-0 pA. For pharmacology experiments
shown in Fig. 5, Oprm1""xDbh“"**"- mice were bilaterally injected with AAV5-syn1-FLEX-oScarlet-
T2A-FLAG-hMOR-WPRE into the LC. Cells were recorded using the cell-attached recording
method with pipettes filled with recording-aCSF. Drugs were delivered through the recording-
aCSF perfusion system. Electrophysiology data were exported through Clampex software and
analyzed using Matlab (MathWorks, MA, USA) and GraphPad Prism9 (GraphPad Software, MA,
USA).

Statistics and data analysis

All data are expressed as mean + SEM. In data that were normally distributed, differences
between groups were determined using independent t-tests or one-way ANOVA, or two-way
ANOVAs followed by post hoc comparisons if the main effect was significant at p < 0.05. In cases
where data failed the D’Agostino and Pearson omnibus normality test or was ordinal by nature,
non-parametric analyses were used. Statistical analyses were conducted using Prism 9.0
(GraphPad).
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Figure 1. High tonic LC activity during hot plate test is not necessary for stress-induced
antinociception. (A) Cartoon describing viral strategy for electrophysiological validation of
stGtACR2. (B) Whole-cell recording of locus coeruleus neuron expressing stGtACR2. (C) 470 nm
photostimulation robustly inhibited locus coeruleus spontaneous activity. (D) Light power intensity
response curve shows stGtACR?2 is efficiently suppressed LC. (E) Representative whole-cell
recording traces demonstrating efficacy of stGtACR2-mediated inhibition of locus coeruleus
neurons against current injection. (F) Quantification of optical inhibition against injected current.
(G) Cartoon of stGtACR2 viral strategy with representative immunohistochemical validation of
viral expression and fiber optic placement. Tyrosine Hydroxylase=TH (green), stGtACR2-
FusionRed (red). (H) Inhibition of LC neurons following restraint stress does not alter jump latency
on a hot plate, but inhibition of LC neurons in naive mice is antinociceptive. Data represented as
mean + SEM, n=8-13/group: One-Way ANOVA, Tukey post-hoc. No Stress mCherry vs. No
Stress stGtACR2 *p=0.0192.
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Figure 2. Spontaneous locus coeruleus activity contributes to baseline nociceptive
thresholds. (A) Experimental timeline. (B&C) Hargreaves and von Frey results showing locus
coeruleus inhibition induces antinociception. Data represented as mean +/- SEM; n=6-9/group;
two-way ANOVA, Sidak’s posthoc (von Frey: Time x Group F(2,26) = 3.861, p=0.0340; mCherry
Stim vs. stGtACR2 Stim **p=0.0060; Hargreaves, stGtACR2 Stim vs. Post, mCherry stim vs.
stGtACR2 stim *p<0.05, **p<0.01). (D) Experimental timeline with gray areas describing data
shown in A-C and black areas describing data shown in (E&F). (E) Locus coeruleus inhibition one
week after spared nerve injury is no longer antinociceptive on the injured limb, but is
pronociceptive on the non-injured limb. Data represented as mean +/- SEM; n=6-9/group; two-
way ANOVA ,Group x Time F (3, 42) = 8.528, p=0.0002, Tukey posthoc (stGtACR2 Non-Injured
Pre vs. GtACR2 Non-Injured Stim **p=0.0045). (F) Locus coeruleus inhibition four weeks after
spared nerve injury is analgesic. Data represented as mean +/- SEM; n=6-9/group; Mixed Effects
Model p=0.0003, Tukey posthoc (stGtACR2 Injured Pre vs. GtACR2 Injured Stim *p=0.0132).
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Figure 3. LC-MOR are required for noradrenergic-modulated nociception (A) In situ
hybridization results of RNA colocalization of oprm1 (purple) and dbh (blue). (B) Cartoon
describing Oprm1"xDbhC™*" breeding strategy. (C) Cell-attached ex vivo LC recordings in
Oprm1""xDbh®™" (top) and Oprm1""xDbh®™*" (bottom) in response to DAMGO administration.
(D) DAMGO-induced cellular inhibition of LC neurons is lost in Oprm1"xDbh®"*" mice. Data
expressed as mean +/- SEM, n=16-19/group, unpaired parametric t-test ***p<0.001. Excitability
parameters of locus coeruleus neurons between WT (Oprm1""xDbh®®") and cKO
(Oprm1""xDbh"**") mice show no significant differences. These measures include (E) baseline
firing rate, (F) rheobase, (G) input-output relationship of number of action potentials fired per
current step, and (H) input resistance. Data expressed as mean +/- SEM, n=11-19/group,
unpaired t-test. (I) von Frey test shows a significant decrease in 50% withdrawal threshold in cKO
(Oprm1""xDbh°*") compared to WT (Oprm1""xDbh®"*") control mice. Data expressed as mean
+/- SEM, n=14-16/group, unpaired parametric t-test **p<0.01 (L) Baseline thermal withdrawal in
Hargreaves testing is also significantly decreased in thermal withdrawal threshold in cKO
(Oprm1""xDbh°"**") mice. Data expressed as mean +/- SEM, n=7-8/group, unpaired t-test
**p<0.01.
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Figure 4. Restoration of LC-MOR signaling reverses baseline mechanical and thermal
hypersensitivity. (A) Cartoon of Opto-MOR viral strategy with immunohistochemical validation
of viral expression. Tyrosine Hydroxylase=TH (red), Opto-MOR-eYFP (green). (B) Opto-MOR
experimental timeline. (C) opto-MOR activation in the LC restores normal thermal sensitivity in
Hargreaves testing. There is a significant within subject difference between Cre+OMOR group
Stim vs. Post. Data expressed as mean +/- SEM, n=7-11/group, two-way ANOVA with Tukey’s
multiple comparisons *p<0.05. (D) Opto-MOR activation significantly reverses baseline
mechanical hypersensitivity in von Frey test. Within subject effect between Cre+OMOR Pre vs.
Stim groups. Data expressed as mean +/- SEM, n=7-11/group, two-way ANOVA with Tukey’s
multiple comparisons ***p<0.001.
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Figure 5. LC-MOR receptor rescue reverses neuropathic injury-induced hypersensitivity
(A) Cartoon of hMOR viral strategy with immunohistochemical validation of viral expression.
Tyrosine Hydroxylase=TH (green), hMOR-expressing neurons are filled with oScarlet (red). (B)
Experimental timeline. (C&D) Cell-attached ex vivo electrophysiology of DAMGO-mediated
suppression of LC firing in Oprm1"xDbh“"**"- mice without hAMOR (C) and with h(MOR expression
(D). (E) Quantification shows significant rescue of DAMGO-induced inhibitory responses in the
LC of Oprm1""xDbh°™*" mice with hMOR compared to those without. Data expressed as mean
+/- SEM, n=9-16/group, two-way ANOVA with Tukey’s multiple comparisons *p<0.05. (F) Cartoon
describing spared nerve injury model. (G) Rescue of MOR expression reverses neuropathic pain-
induced thermal hypersensitivity. Data expressed as mean +/- SEM, n=8-10/group, two-way
ANOVA Cre+ injured paw 8 weeks vs. h(MOR **p<0.01. (H) Rescue of MOR expression reverses
neuropathic pain-induced mechanical hypersensitivity. Data expressed as mean +/- SEM, n=8-
10/group, two-way ANOVA Cre+ injured paw 8 weeks vs. hMOR *p<0.05.
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Supplementary Figure 1: Acute restraint stress causes acute antinociception. (A) Cartoon and experimental
timeline of restraint stress-induced antinociceptive testing on the hot plate test. (B) 30 minutes of restraint stress
drives thermal antinociception as delayed nocifensive responses on a 55°C hot plate with 30 second cutoff. n=
10/group. Mann-Whitney test (No Stress vs. Acute Restraint) U=0, p<0.0001.

Supplementary Figure 1
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Supplemental Figure 2. stGtACR2 robustly silences LC neuronal activity (A) Cell-attached ex vivo recording of
stGtACR2-expressing LC neuron. (B&C) Quantification of rebound effect of LC neuronal firing following
photoinhibition in (B) whole-cell current clamp and (C) cell-attached recordings. Data expressed as mean +/- SEM,
paired t-test (B) t=4.604, df=7, **p=0.0025 (C) t=2.731, df=5 *p=0.0412

Supplementary Figure 2
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Supplementary Figure 3: Modified acute restraint stress to include head-fixation causes acute
antinociception. (A) Experimental timeline of head-fixed restraint stress-induced antinociceptive testing on the hot
plate test. (B) 30 minutes of head-fixed restraint stress drives thermal antinociception as delayed nocifensive
responses on a 55°C hot plate with 30 second cutoff. n= 7-14/group. Mann-Whitney test (No Stress vs, Head fix
stress) U=20, *p=0.0289.

Supplementary Figure 3
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Supplement Figure 4. LC inhibition does not induce real-time preference four weeks after neuropathic
injury (A) Experimental timeline. (B) Electrophysiological validation of prolonged LC inhibition using 100 Hz,0.5ms
duration 470 nm stimulation for 30 minutes. (C) Diagram of real-time place testing setup. (D) LC inhibition does not
induce real-time place preference four weeks post neuropathic injury. (E&F) LC inhibition does not alter distance
travelled in real-time place test. Data expressed as mean +/- SEM.

Supplementary Figure 4
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Supplement Figure 5. Global oprm1 knockout influences nociceptive output (A) Experimental timeline using
global oprm1--mice. (B) Naive oprm1--mice have increased nociceptive threshold on a hot plate. Data expressed
as mean +/- SEM, unpaired t-test, *p<0.05. (C) oprm1-- mice do not have morphine analgesia. Data expressed as

mean +/- SEM, 2-way ANOVA with Tukey’s multiple comparisons, C57BL/6J morphine vs. oprm1-- morphine
****p<0.0001.
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Supplementary Figure 6. Local LC site-selective Cre delivery in adult oprm717f mice maintains the same
basal hypersensitivity as Oprm1%/fixDbhCre*- mice. (A) Viral strategy for oprm1 deletion in the adult LC.
eGFP=Cre. (B) oprm1 deletion in the LC decreases baseline 50% mechanical withdrawal threshold. Data
expressed as mean +/- SEM, n=9-10/group, unpaired t-test, ****p<0.0001.

Supplementary Figure 6
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Supplementary Figure 7, Activation of Opto-MOR signaling in the LC of Oprm1f/fixDbhCre*- mice does drive
a real-time place preference or alter locomotor behavior. (A) Real-time place testing schematic and
experimental timeline. (B) % time spent in stimulation-paired side of real-time place testing apparatus shows no
significant difference between groups. Data expressed as mean +/- SEM, n=7-10/group, one-way ANOVA. (C)
Distance travelled during real-time place test shows no significant effect of opto-MOR stimulation. Data expressed
as mean +/- SEM, n=7-10/group, one-way ANOVA.
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