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Background: Pharmacologic manipulations directed at the periaqueductal
gray have demonstrated the importance of the p-opioid receptor in modulating
reflexive responses to nociception. The authors hypothesized that a supraspi-
nal pathway centered on neurons in the periaqueductal gray containing the
J-opioid receptor could modulate nociceptive and itch behaviors.

Methods: The study used anatomical, optogenetic, and chemogenetic
approaches in male and female mice to manipulate p-opioid recep-
tor neurons in the periaqueductal gray. Behavioral assays including 3
von Frey, Hargreaves, cold plantar, chloroquine-induced itch, hotplate, =
formalin-induced injury, capsaicin-induced injury, and open field tests were ’z
used. In separate experiments, naloxone was administered in a postsurgical H
model of latent sensitization.
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Results: Activation of p-opioid receptor neurons in the periaqueductal gray g
increased jumping (least-squares mean difference of —3.30's; 95% Cl, —6.17 33.\3
to —0.44; P = 0.023; n = 7 or 8 mice per group), reduced itch responses &
(least-squares mean difference of 70 scratching bouts; 95% Cl, 35 to 105;
P < 0.001; n = 8 mice), and elicited modestly antinociceptive effects (least-
squares mean difference of —0.7 g on mechanical and —10.24s on thermal 2
testing; 95% Cl, —1.3 to —0.2 and 95% Cl, —13.77 to —6.70, and P = 0.005 %
and P < 0.001, respectively; n = 8 mice). Last, the study uncovered the role =
of the periaqueductal gray in suppressing hyperalgesia after a postsurgical %
state of latent sensitization (least-squares mean difference comparing saline §
and naloxone of —12 jumps; 95% Cl, =17 to —7; P < 0.001 for controls; and £
—2 jumps; 95% Cl, =7 to 4; P = 0.706 after optogenetic stimulation; n = @
to 9 mice per group).
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e The periaqueductal gray in the mesencephalon is a major compo-
nent of the endogenous opioid system and is involved in the coor-
dination of autonomic and behavioral responses to noxious input

e The question of how different neuronal populations, expressing
u-opioid receptors, in the periaqueductal gray modulate nociceptive
responses is incompletely explored

What This Article Tells Us That Is New

e Selective opto- and chemogenetic activation of p-opioid receptor—
expressing neurons of the periaqueductal gray in mice facilitated
escape behaviors but inhibited reflexive responses to thermal and
mechanical stimuli or itch behavior

e These laboratory observations suggest that p-opioid receptor—
expressing neurons of the periaqueductal gray modulate nocicep-
tion by eliciting distinct escape and reflexive responses

©

Conclusions: -Opioid receptor neurons in the periaqueductal gray mod-
ulate distinct nocifensive behaviors: their activation reduced responses to'§
mechanical and thermal testing, and attenuated scratching behaviors, but§
facilitated escape responses. The findings emphasize the role of the periag- =
ueductal gray in the behavioral expression of nociception using reflexive and <
noxious paradigms. '
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include either the inhibition or facilitation of nociceptive
responses.? The periaqueductal gray, which is a major com-

everal supraspinal structures, including the periaque-
ductal gray, are involved in coordinating autonomic
and behavioral responses to noxious input, which can

ponent of the endogenous opioid system, has been shown
to modulate nociception through a descending pathway
involving the rostral ventromedial medulla and spinal cord.’
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In particular, periaqueductal gray circuits have been pro-
posed to underlie offset analgesia, conditioned pain modu-
lation, and placebo analgesia in human subjects.* Thus, a
major emphasis of translational and clinical work on noci-
ceptive pathways has focused on the modulatory actions of
periaqueductal gray pathways.

Pharmacologic manipulations of the periaqueductal
gray have provided critical insight into the types of recep-
tors that participate in the descending modulation of noci-
ception. For example, the injection of a p-opioid receptor
agonist, such as DAMGO or morphine, into the periaque-
ductal gray results in the elevation of sensory thresholds.””
Local microinjection of the p antagonist, naloxone, into the
periaqueductal gray or lesioning of the periaqueductal gray
has blocked the antinociceptive effects of systemic mor-
phine.”!” These studies identify the periaqueductal gray as
a crucial site of action for the effects of local as well as sys-
temically administered opioids.

It has been proposed that inhibitory neurons within
the periaqueductal gray express the p-opioid receptor,'"'?
suggesting that p-opioid receptor agonists produce anti-
nociception through the disinhibition of periaqueductal
gray output.'"*' In support of this model, immunohis-
tochemistry shows that p-opioid receptor—expressing peri-
aqueductal gray (PAGM°®) neurons make up a subset of
all periaqueductal gray <y-aminobutyric acid-mediated
(GABAergic) neurons that do not project to the rostral
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ventromedial medulla.'”"” However, other studies have
also shown that PAGMO® neurons compose more than half
of rostral ventromedial medulla—projecting cells.”® Thus,
it remains unclear whether the antinociceptive effects of
opioid microinjections into the periaqueductal gray are
mediated through the inhibition of local interneurons, ros-
tral ventromedial medulla—projecting periaqueductal gray
neurons, or both. Selective manipulation of periaqueduc-
tal gray circuits has posed challenges due to the molecular
complexity of neurons in the periaqueductal gray. More
recently, advancements in genetic tools using Cre drivers
have enabled investigators to more accurately characterize
the modulatory roles of different neuronal periaqueduc-
tal gray populations in response to distinct somatosensory
modalities.'®2!

The role of the periaqueductal gray in the descending
modulation of nociception is thought to occur through
its ability to coordinate appropriate motor responses to
nociception in rodents.”** We have previously shown that
parabrachial nucleus projections to the periaqueductal
gray are important for the escape component of the pain
response, which includes running and jumping behaviors.*
Furthermore, it was recently shown that in different con-
texts, the periaqueductal gray differentially modulates either
antinociception or locomotion.” Here, we set out to char-
acterize the neurons in the periaqueductal gray that express
p-opioid receptor and examine the effect of manipulating
these neurons in a variety of nociceptive tests.

Functions of Midbrain p-Opioid Receptor Neurons

Materials and Methods

Mice

All animals were of the C57BL/6] background. MOR®"
mice were a generous gift from Richard Palmiter, Ph.D.
(University of Washington, Seattle, Washington) and are now
available on Jax #034475. The studies were performed in
both male and female mice 8 to 10 weeks of age (20 to 35¢
mice). Male and female mice were used for all experiments,
and data were pooled. For behavioral experiments, animal
groups were not always evenly balanced across male and
female subjects due to variations in litter sizes and distribu-
tions of sex across litters. Animals were randomly assigned
to treatment groups. For neurochemical analyses, three or
four mice per group were used (immunohistochemistry)
and three or four sections from each mouse were averaged
from three mice in total for fluorescent in sifu hybridiza-
tion. For optogenetic and chemogenetic behavioral test-
ing, 6 to 11 mice per group were used. Mice were given
free access to food and water and housed under standard
laboratory conditions. The use of animals was approved by
the Institutional Animal Care and Use Committee of the
University of Pittsburgh (Pittsburgh, Pennsylvania; protocol
No. 14043431).

Viral Vectors

All viruses used in this study are commercially available from
UNC Vector Core (USA) and Addgene (USA).These were
AAV2.hSyn.DIO.hMAD(Gi)-mCherry (titer: 1.5 X 10%),
AAV2-hsyn-DIO-mCherry (titer: 1.2 X 10"%), AAV2-hsyn-
DIO-hM3D(Gq)-mCherry (titer: 8.6 X 10'%), AAV2/EF 1a-
DIO-hChR?(H134R)-eYFP (titer: 4.0X102), AAV2.
EF1a.DIO.eYFP (titer: 9.5x10"%), and AAVr-hsyn-DIO-
mCherry (titer: 7.0 X 10'%).

Stereotaxic Injections and Optical Fiber Implantation

Animals were anesthetized with 2% isoflurane and placed
in a stereotaxic head frame. A custom-made metal needle
(33-gauge) loaded with virus was delivered to the injec-
tion site. Virus was infused at a rate of 100 nl/min using
a Hamilton syringe with a micro-syringe pump (World
Precision Instruments, USA). Mice received 250 to 500 nl
virus. The injection needle was left in place for an additional
5min and then slowly withdrawn during another 5min.
Injections and cannula implantations were performed at
the following coordinates: rostral ventromedial medulla,
anterior-posterior —5.80 mm, medial-lateral 0.00 mm, and
dorsal-ventral —6.00; and periaqueductal gray, anterior-
posterior —4.70 mm, medial-lateral £ 0.74 mm, and dorsal-
ventral —2.75 (bilaterally). For implantation of optical fibers
(Thor Labs: 1.25mm ceramic ferrule, 230 mm diameter),
implants were slowly lowered 0.3 to 0.5mm above the site
of injection and secured to the skull with a thin layer of
Vetbond (3M, USA) and dental cement. The incision was
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closed using Vetbond, and animals were provided analge-

sics (ketoprofen, intraperitoneal, 10 mg/kg; buprenorphine,
subcutaneous, 0.3 mg/kg) and allowed to recover over a
heating pad. Mice were given 4 weeks to recover before
experimentation.

Pharmacologic Agents

Clozapine N-oxide (Tocris, Bristol, United Kingdom) was
dissolved in phosphate buffer solution and administered
intraperitoneally (5mg/kg). Animals received clozapine
N-oxide across multiple days to complete behavioral test-
ing, with at least 1 day in between assays. Capsaicin (0.1%)
in 10% ethanol in phosphate buffer solution was injected 10
pl into the plantar hind paw (n = 6 to 8 mice per group).
Formalin (Sigma, USA; 2% w/v) in saline was injected 10
pl into the plantar hind paw (n = 11 to 13 mice per group).
Chloroquine diphosphate salt (Sigma) was dissolved in
physiologic saline (100 pg in 10 pl) and administered intra-
dermally (n = 6 to 9 mice per group).

Fluorescent /n Situ Hybridization

Mice were anesthetized with an intraperitoneal injection
of urethane and euthanized by decapitation. Multiplex flu-
orescent in situ hybridization was performed according to
the manufacturer’ instructions (Advanced Cell Diagnostics,
USA;No.320850).Briefly, 14-pum-thick fresh frozen sections
containing the rostral ventromedial medulla were fixed in
4% paraformaldehyde, dehydrated, treated with protease for
15 min, and hybridized with gene-specific probes to mouse.
Probes were used to detect Probe-tdTomato-C2 (No.
317041-C2), mCherry-C2 (No. 431201), Mm-Oprm1-C1
(No.315841), Mm-Slc32a1-C3 (No.319191; glutamatergic
neurons), and Mm-SIc17a6-C3 (No. 319171; GABAergic
(DAPL; No.
320858) was used to visualize nuclei. 3-Plex positive (No.
320881) and negative (No. 320871) control probes were
tested. One animal was excluded from the analysis due to

neurons).

4’ ,6-diamidino-2-phenylindole

poor tissue quality in the periaqueductal gray for the gluta-
matergic or GABAergic characterization study as well as the
retrograde characterization study. Three to four z-stacked
sections were quantified for a given mouse, and three mice
were used per experiment.

Immunohistochemistry

Mice were anesthetized with an intraperitoneal injection
of urethane, transcardially perfused, and postfixed for at
least 4h in 4% paraformaldehyde. Brain sections 40 pm
thick were collected on a cryostat for immunohistochem-
istry. Sections were blocked at room temperature for 2h
in 5% donkey serum, 0.2% Triton, in phosphate buffered
saline. Primary antisera were incubated for 14 h overnight
at 4°C: rabbit anti-red fluorescent protein (1:1,000),
chicken anti-green fluorescent protein (1:1,000), and
mouse anti-NeuN (1:500). Sections were subsequently
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washed three times for 20min in wash buffer (0.2%
Triton, in phosphate buffer solution) and incubated in
secondary antibodies (Life Technologies, 1:500; USA)
at room temperature for 2h. Sections were then incu-
bated in Hoechst (Thermo Fisher, 1:10,000; USA) for
1 min and washed three times for 15min in wash buffer,
mounted, and coverslipped.

Fos Experiments

Mice received either optical stimulation or clozapine N-oxide
for Fos analysis. Brain tissues were harvested 90min after for
immunohistochemistry. For optogenetically induced Fos
expression, mice were photostimulated for 20min at a 3s on,
2s off stimulation pattern. Mice received clozapine N-oxide as
described for behavioral experimentation. Animals were per-
fused 90 min after the initial onset of photostimulation or after
clozapine N-oxide administration for immunohistochemistry.

Image Acquisition and Quantification

Full-tissue thickness sections were imaged using either an
Olympus BX53 fluorescent microscope with UPlanSApo
4%, 10X, or 20X objectives or a Nikon AR confocal
microscope with 20X or 60X objectives. All images were
quantified and analyzed using Image]. To quantify images
in fluorescent in situ hybridization experiments, confocal
images of tissue samples (three or four sections averaged
per mouse over three or four mice) were imaged, and only
cells whose nuclei were clearly visible by DAPI staining and
exhibited a fluorescent signal were counted. To quantify
Fos-labeled cells, sections of the entire rostral ventromedial
medulla or periaqueductal gray were imaged using fluores-
cent microscopy, and images were manually counted.

Behavior

All assays were performed in the Pittsburgh Phenotyping
Core (Pittsburgh, Pennsylvania) and scored by an experi-
menter blind to treatment. For all chemogenetic behavioral
experiments, clozapine N-oxide was administered (5mg/
kg intraperitoneal) 30min before the start of behavioral
testing. Animals in chemogenetic studies were subjected to
testing in the following order of assays: open field, von Frey,
Hargreaves, chloroquine-induced scratching, tail flick, capsa-
icin, and formalin. Mice tested using optogenetics were pho-
tostimulated with the following parameters: 10 mW laser
power, 20 Hz stimulation frequency, and 5 ms pulse duration.
Repeat testing with either chemogenetics or optogenetics
was completed at 1 day intervals to minimize exposure to
clozapine N-oxide and optical stimulation, respectively.

Observation of Scratching Behavior

Mice were individually placed in the observation cage
(12x9 X 14cm) to permit acclimation for 30min.
Scratching behavior was videotaped for 30min after the

Nguyen et al.
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administration of chloroquine into the nape of the neck.
The total number of scratch bouts by the hind paws directed
to the neck during this period was counted.

Hargreaves Testing

Animals were acclimated on a glass plate held at 30°C (Model
390 Series 8, IITC Life Science Inc.). A radiant heat source
was applied to the hind paw, and latency to paw withdrawal
was recorded. Two trials were conducted on each paw, with
at least 5min between testing the opposite paw and at least
10 min between testing the same paw. To avoid tissue dam-
age, a cutoff latency of 20s was set. Values from both paws
were averaged to determine withdrawal latency.

von Frey Testing

Mechanical sensitivity was measured using the Chaplan
up-down method of the von Frey test. Calibrated von Frey
filaments (North Coast Medical Inc., USA) were applied
to the plantar surface of the hind paw. Lifting, shaking, and
licking were scored as positive responses to von Frey stim-
ulation. Average responses were obtained from each hind
paw, with 3 min between trials on opposite paws, and 5min
between trials on the same paw.

Tail-flick Assay

Mice were placed in custom-made mouse restraints and allowed
to habituate for 15min before testing. Tails were immersed
3cm into a water bath at 48° and 55°C, and the latency to tail-
flick was measured three times with a 1 min interval between
trials. For optogenetic testing, mice were photostimulated for
10s before testing. Cutoff times were implemented at 25s
(48°) and 55 (55°C) to prevent tissue damage.

Hotplate

Mice were placed on a 55°C hotplate, and the latency to
the first escape response (jump) and the total number of
jumps were measured during a 60s period. Values were
averaged across two trials for each mouse spaced several
minutes apart. For optogenetic testing, mice were photo-
stimulated for 10s before testing. For experiments assessing
latent sensitization, naloxone (10mg/kg intraperitoneal)
was administered 30 min before photostimulation.

Open Field

Spontaneous activity in the open field was conducted
during 30 min in an automatedVersamax Legacy open-field
apparatus for mice (Omnitech Electronics Incorporated,
USA). Distance traveled was measured by infrared photo
beams located around the perimeter of the arenas inter-
faced to a computer running Fusion v.6 for Versamax
software (Omnitech Electronics Incorporated), which
monitored the location and activity of the mouse during

Functions of Midbrain p-Opioid Receptor Neurons

testing. Activity plots were generated using the Fusion
Locomotor Activity Plotter analyses module (Omnitech
Electronics Incorporated). Mice were placed into the
open field 30 min after clozapine N-oxide injection.

Acute Injury Models

For formalin-induced injury, 10 pl 2% formalin was injected
into the intraplantar hind paw. Mice were video recorded for
1h after formalin injection, and time spent licking and lift-
ing the paw was scored in 5-min bins. For capsaicin-induced
injury, animals received 10 pl intraplantar capsaicin (0.1%
w/v in 10% ethanol diluted in saline), and the total time
spent licking the injured paw was quantified during 20 min.
Hargreaves and von Frey testing after capsaicin-induced
injury occurred 20 min and 1h after intraplantar injection.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
9.Values are presented as mean £ SD. N refers to the num-
ber of mice. In neurochemical experiments, multiple tech-
nical replicates were averaged for individual mice. Statistical
significance was assessed using tests indicated in applicable
figure legends including the two-tailed, unpaired ¢ test (to
compare Fos expression and nocifensive behaviors in mice
treated with control vector compared to channel rho-
dopsin-injected mice), one-way ANOVA with Dunnett’s
multiple comparisons test (in chemogenetic studies to
compare animals receiving the control vector, the inhib-
itory chemogenetic actuator, or the excitatory chemoge-
netic actuator), or two-way repeated-measures ANOVA
with Sidak’s multiple comparisons test (in chemogenetic
and optogenetic studies where control or experimental
groups were compared before and after treatment such
as with naloxone or clozapine N-oxide). Significance was
indicated by P < 0.05. Sample sizes were based on pilot
data and are similar to those typically used in the field. No
formal a priori statistical power calculation was conducted.
Data were determined to be normally distributed by the
Shapiro-Wilks test.

Results

Molecular and Anatomical Characterization of Neurons
in the Periaqueductal Gray Containing the p-Opioid
Receptor

To visualize the p-opioid receptor—expressing neurons in
the periaqueductal gray, we injected an adeno-associated
virus encoding a Cre-dependent fluorescent reporter into
the periaqueductal gray of MOR®* mice (fig. 1A). We
found that PAGM® neurons project to numerous structures
in the forebrain and brainstem such as the anterior hypo-
thalamus, ventral tegmental area, and rostral ventromedial

medulla (fig. 1,A and B).
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Fig. 1. Molecular and anatomic characterization of p-opioid receptor neurons in the periaqueductal gray. (4) Approach to visualize projec-
tions from p-opioid receptor (MOR) neurons in the periaqueductal gray (PAGYF) using Cre-dependent tracers introduced into the periag-
ueductal gray (PAG). Major downstream targets of PAGM®* neurons throughout the brain and brainstem. Representative images are shown.
Scale bar =100 pm. (B) Cartoon representation of PAGY? ascending and descending projections throughout the brain. (C) Fluorescent in situ
hybridization (FISH) characterization of Oprm1 (u-opioid receptor) in PAG neurons with respect to excitatory (Slc77a6 or Vglut2) and inhibitory
(Slc32at or Vgat) markers. Scale bar = 100 pm. Quantification is shown on the right. Data are mean = SD with dots representing individual
mice (n = 3 mice, with an average of 3 or 4 sections per mouse). (D) Cartoon depiction of two complementary approaches used to character-
ize descending projections of PAGM°* neurons to the rostral ventromedial medulla (RVM). Retrograde tracers are introduced into the RVM of
MOR® or wild-type mice, and labeled cell bodies in the PAG are characterized (using Oprm1, Slc17a6, and Slc32a1) using fluorescent in situ
hybridization. Representative images of PAG sections are shown. Scale bar = 50 pm. (E) Quantification of D. Data are mean + SD with dots
representing individual mice (n = 3 mice, with an average of 3 or 4 sections per mouse). (A Model for the expression of MOR in PAG neurons.
Excitatory and inhibitory PAG neurons containing MOR may coordinate nociceptive and defensive behaviors. AHA, anterior hypothalamic area;
Bar, Barrington’s nucleus; BSTMPL, bed nucleus stria terminalis, medial posterolateral; CM, centromedial thalamic nucleus; Irt, intermediate
reticular nucleus; LA, lateroanterior nuclei; LPGi, lateral paragigantocellular nucleus; PR, prerubral thalamic area; PV, paraventricular thalamic
nucleus; Re, reuniens thalamic nucleus; REth, retroethmoid intramedullar thalamic area; RRF, retrorubral field; Spfpc, subparafascicular
thalamus; VTA, ventral tegmental area.
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Next, we used fluorescent in situ hybridization to
characterize p-opioid receptor neurons in the periaque-
ductal gray (encoded by the Oprm1 gene). We found that
Oprm1 overlapped with both Slc17a6/Vglut2 (mean =*
SD, 52.1+11.7%) and Slc32a1/Vgat (25.0 £4.3%; fig. 1C).
These observations support the idea that PAGM® neurons
are heterogeneous, comprising both excitatory and inhib-
itory neurons as well as local and projection neurons to
numerous targets. Given the important role of the periaque-

ductal gray in the descending modulation of nociception®!”

and its projections to the rostral ventromedial medulla®**
(fig. 1A), we focused on this particular pathway. To specifi-
cally characterize PAGM°® neurons projecting to the rostral
ventromedial medulla, we coinjected Cre-dependent and
Cre-independent retrograde tracers in the rostral ventro-
medial medulla of MOR* and wild-type mice, respectively
(fig. 1D). We then used fluorescent in situ hybridization to
characterize back-labeled neurons in the periaqueductal
gray. We found that PAGMO® neurons that project to the
rostral ventromedial medulla make up approximately 25%
of all PAGM® neurons. In contrast to the molecular hetero-
geneity of Oprm1 neurons within the periaqueductal gray,
which expressed either Slc32a1 or Sle17a6, PAGM® neu-
rons that project to the rostral ventromedial medulla were
found to be exclusively glutamatergic by their expression
of Slc17a6 (96.6 £2.3%) and limited expression of Slc32a1
(3.1£3.3%; fig. 1E). These data are consistent with the idea
that local PAGM°® neurons are GABAergic, whereas those
that project to the rostral ventromedial medulla are gluta-
matergic (fig. 1F).

We then assessed the functional role of PAGM°® neurons
that project to the rostral ventromedial medulla using an
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optogenetic approach in which an adeno-associated virus
encoding channelrhodopsin (or enhanced yellow fluores-
cent protein [eYFP]) was injected into the periaqueductal
gray and optogenetic stimulation was performed in the ros-
tral ventromedial medulla (fig. 2A). Optogenetic activation
of PAGMO® terminals in the rostral ventromedial medulla
resulted in the robust induction of Fos expression in the ros-
tral ventromedial medulla (mean + SD, eYFP 25.4 £2.2%,
compared with channelrhodopsin 56.3 +12.5%; mean dif-
ference, 30.89 +7.35;95% CI, 10.49 to 51.29; P = 0.014 by
unpaired f test;n = 3 mice per group) (fig. 2B). Behaviorally,
photostimulation of PAGM°® fibers within the rostral ven-
tromedial medulla did not affect jumping responses on the
hotplate (jumping mean difference, 43 jumps; 95% CI,
-2 to 11; latency to jump mean difference, =5.14 = 4.58s;
95% CI, —15.04 to 4.75; with P = 0.183 and P = 0.282,
respectively by unpaired f test; n = 6 to 9 mice per group;
fig. 2C, Supplemental Figure 1A, https://links.lww.com/
ALN/D199). Although stimulation of PAGM® fibers in the
rostral ventromedial medulla reliably induced activity in the
rostral ventromedial medulla based on Fos expression, this
stimulation was not sufficient to alter escape behaviors with
hotplate testing.

Neurons in the Periaqueductal Gray Containing the
p-Opioid Receptor Modulate Complex Somatosensory
Behaviors

We tested the contributions of PAGM®® neurons directly
by using a chemogenetic approach to target them. We
activated and inhibited PAGM® neurons by injection of
AAV2.hSyn.DIO.hM3Dg-mCherry and AAV2.hSyn.DIO.
hM4Di-mCherry, respectively, into the periaqueductal

" eYFP D282 0183 evFP
= ChR2 50 804 = ChR2
L]
40— .
@ 304 *
1
E 20 .
104
D_

Fig. 2. Optogenetic manipulation of p-opioid receptor (MOR)—containing projections from the periaqueductal gray (PAG) within the rostral
ventromedial medulla (RVM). (4) Approach to optogenetically activate MOR—containing projections from the PAG (PAGYF) in the rostral ven-
tromedial medulla. The activation of PAGM®® terminals within the RVM induces the expression of Fos in the RVM. Scale bars = 200 ym. (B)
Quantification of A. Data are mean + SD with dots representing individual mice (n = 3 mice, with an average of 3 or 4 sections per mouse).
P value represents the result of a two-tailed, unpaired £ test. Representative images from control and channelrhodopsin (ChR2) mice. (C)
The effect of optogenetic activation of PAG projections in the RVM on jumping behaviors on the hotplate assay (total jumps and latency to
jump). Data are mean + SD with dots representing individual mice (n = 6 to 9 mice per group). P values represent the result of a two-tailed,

unpaired t test.
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gray of MOR“* mice. As a validation of these chemoge-

netic actuators, we confirmed that chemogenetic activa-
tion of PAGMO® neurons resulted in the induction of Fos
expression in the periaqueductal gray (control compared
to chemogenetic activation mean difference of —355 cells;
95% CI,-433 to —277; P < 0.001 by 1-way ANOVA with
Dunnett’s multiple comparisons test; n = 7 or 8 mice per
group) (fig. 3A). In addition, we found that the chemoge-
netic activation of PAGMO® neurons increased the number
of Fos-expressing cells in the rostral ventromedial medulla
(control compared to chemogenetic activation mean differ-
ence of =31 cells; 95% CI, -39 to —23; P < 0.001 by one-
way ANOVA with Dunnett’s multiple comparisons test; n
=7 or 8 mice per group; fig. 3B), as seen previously upon
optogenetic stimulation of PAGM“® terminals in the rostral
ventromedial medulla. Neither activation nor inhibition of
PAGMO® neurons affected locomotor activity in an open
field assay (fig. 3C; Supplemental Figure 2A, https://links.
lww.com/ALN/D200), suggesting that the manipulation of
PAGMO® neurons does not influence locomotion (control
compared with chemogenetic activation: mean difference,
—178.0cm; 95% CI, —2,604 to 2,248; control compared
with chemogenetic inhibition: mean difference, —835.7 cmy;
95% CI,-3,341 to 1,670; P = 0.978 and P = 0.645, respec-
tively, by one-way ANOVA with Dunnett’s multiple com-
parisons test; n = 7 or 8 mice per group). To examine the
role of PAGM® neurons in nociceptive behaviors, we tested
mice in several assays, including hotplate (55°C) and injury
models using intraplantar formalin (2% w/v in saline in 10
pl) and capsaicin (using 0.1% w/v capsaicin dissolved in
10% ethanol and saline in 10 pl). When naive mice were
tested in the hotplate assay, the chemogenetic activation of’
PAGMO® neurons increased the number of jumps relative to
controls (least-squares mean difference of =3 jumps; 95% CI,
—6 to —0.4; hotplate jumps in control mice compared with
chemogenetic activation, P = 0.023 by one-way ANOVA
with Dunnett’s multiple comparisons test;n = 7 or 8 mice
per group (fig. 3D; Supplemental Figure 2B, https://links.
lww.com/ALN/D200). However, neither chemogenetic
activation nor inhibition influenced licking behaviors in an
acute capsaicin-induced injury model (control compared
with chemogenetic activation: mean difference, —20.06s;
95% CI, -116.2 to 76.08; control compared with chemo-
genetic inhibition: mean difference, 54.13s; 95% CI,—44.38
to 152.6; P = 0.832 and P = 0.333, respectively, by one-way
ANOVA with Dunnetts multiple comparisons test; n =
7 to 9 mice per group; fig. 3E, Supplemental Figure 2C,
https://links.lww.com/ALN/D200). To assess the con-
tribution of PAGMO® neurons to a more persistent form
of injury, we injected mice with intraplantar formalin and
quantified their licking behaviors targeted to the injured
paw (fig. 3F ; Supplemental Figure 2D, https://links.Iww.
com/ALN/D200). We found that activation of PAGMO®
neurons modestly increased cumulative licking responses
during the second phase of the formalin assay, although this
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trend was not found to be statistically significant (mean dif-
ference, —83.38s; 95% CI, —171.0 to 4.24; P = 0.064 by
one-way ANOVA with Dunnett’s multiple comparisons
test;n = 11 to 13 mice per group; fig. 3G; Supplemental
Figure 2E, https://links.lww.com/ALN/D200). In contrast,
the inhibition of PAGM°® neurons trended toward a reduc-
tion in formalin-induced licking, yet this was also not found
to be statistically significant (mean difference, 73.82s; 95%
CI, -17.38 to 165.0; P = 0.124 by one-way ANOVA with
Dunnett’s multiple comparisons test; n = 11 to 13 mice
per group). Together, our chemogenetic manipulations of
PAGMO® neurons revealed that their activation increased
jumping behaviors on a noxious hotplate and licking
behaviors in a model of persistent injury but did not sig-
nificantly affect licking responses in response to capsaicin.
Upon testing of reflexive behaviors (fig. 4A), we found
that the chemogenetic manipulations of PAGM°® neurons
revealed striking divergence from the behaviors we pre-
viously observed on the hotplate assay and with formalin
and capsaicin-induced licking. For example, in a model
of chloroquine-induced itch, chemogenetic activation of
PAGMO® neurons robustly attenuated scratching responses
compared to baseline (least-squares mean difference of 70
scratching bouts; 95% CI, 35 to 105; P < 0.001 by two-way
repeated-measures ANOVA with Sidak’s multiple compar-
isons test; n = 8 mice; fig. 4B; Supplemental Figure 3A,
https://links.lww.com/ALN/D201). In the von Frey assay,
chemogenetic activation and inhibition of PAGM°® neu-
rons bidirectionally modulated mechanical thresholds (che-
mogenetic activation: least-squares mean difference, —0.7 g;
95% CI, —1.2 to —0.2; P = 0.005; n = 8 mice; and che-
mogenetic inhibition: least-squares mean difference, 0.5 g;
95% CI,—-0.01 to 1.1; P = 0.055; n = 7 mice by two-way
repeated-measures ANOVA with Sidak’s multiple compar-
isons test; fig. 4C; Supplemental Figure 3B, https://links.
Iww.com/ALN/D201).In the Hargreaves assay, activation of
PAGMO® neurons inhibited responses to thermal thresholds
(least-squares mean difference, —=10.24s; 95% CI, —=13.77 to
—6.70; P < 0.001 by two-way repeated-measures ANOVA
with Sidak’s multiple comparisons test; n = 8 mice; fig. 4D;
Supplemental Figure 3C, https://links.Iww.com/ALN/
D201). However, tail flick responses were not affected by

chemogenetic activation or inhibition of PAGMO®

neurons
(chemogenetic activation: least-squares mean difference,
—0.01s; 95% CI, —1.35 to 1.33; P > 0.999; n = 8 mice;
and chemogenetic inhibition: least-squares mean difference,
—0.265; 95% CI, —1.53 to 0.99; P = 0.932; n = 9 mice by
two-way repeated-measures ANOVA with Sidak’s multiple
comparisons test; fig. 4E; Supplemental Figure 3D, https://
links.lww.com/ALN/D201).

In assays that involved frankly noxious stimulation (pro-
longed exposure to heat or aversive chemicals), activation of
PAGMO® neurons modestly facilitated jumping, which is an
escape response. However, for assays that measure sensory
thresholds, the von Frey and Hargreaves tests, chemogenetic
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Fig. 3. Effect of modulating p-opioid receptor (MOR) neurons in the periaqueductal gray (PAG) on escape behaviors. (4) Approach to che-
mogenetically activate and inhibit MOR neurons in the PAG (PAG?) after the injection of excitatory and inhibitory Cre-dependent designer
receptor exclusively activated by designer drugs (DREADDSs), respectively, to the PAG. A representative image is shown. Scale bar = 50
pm. (B) Induction of Fos expression within the rostral ventromedial medulla (RVM) after chemogenetic manipulation of PAGY? neurons.
Representative images of RVM sections are shown. Scale bar = 50 ym. Comparison of Fos expression in the RVM. Data are mean =+ SD with
dots representing individual mice (n = 7 or 8 mice per group, averaging 4 sections per mouse). P values indicate the results of one-way
ANOVA with Dunnett’s multiple corrections test. (Cto E) Effect of chemogenetic activation and inhibition on the (C) open field, (D) hotplate test
examining total jumps and latency to jump, and (£) licking behaviors after intraplantar capsaicin-induced injury. Data are mean = SD with
dots representing individual mice (control: 6 to 11, modified form of the human M? muscarinic receptor (1M3Dq): 7 to 13, and modified form of
the human M4 muscarinic receptor (hM4Di): 7 to 11 mice per group). Pvalues indicate the results of one-way ANOVA with Dunnett’s multiple
corrections test. (A Effect of chemogenetic manipulations of PAGY? neurons on licking responses after intraplantar formalin. Time course of
licking responses binned every 5min during 1 h. Data are mean = SD (n = control: 11, Gg: 13, and Gi: 11 mice per group). (G) Cumulative data
during 1h and during the second phase of formalin-induced injury (11 to 60 min). Data are mean + SD with dots representing individual mice
(n =11 to 13 mice per group). Pvalues indicate the results of one-way ANOVA with Dunnett’s multiple corrections test.
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Fig. 4. p-Opioid receptor (MOR) neurons in the (PAG) modulate itch and reflexive nociceptive behaviors. (4) Approach to chemogenetically
activate and inhibit MOR neurons in the PAG (PAGVF) after the injection of excitatory and inhibitory Cre-dependent designer receptor exclu-
sively activated by designer drugs (DREADDS), respectively, to the PAG. (B to E) Effect of chemogenetic manipulations of PAGM* neurons on
(B) chloroquine-induced itch, (C) von Frey assay, (D) Hargreaves assay, and () tail flick assay at 48°C and 55°C. Data are mean + SD with
dots representing individual mice (control: 6 or 7, modified form of the human M?® muscarinic receptor (1M3Dq): 8 or 9, and modified form of
the human M4 muscarinic receptor (hM4Di): 7 or 8 mice per group). Pvalues indicate the results of two-way repeated-measures ANOVA with

Sidak’s multiple corrections test.

excitation increased the latency to respond, consistent with
reduced sensitivity. Last, the activation of PAGM“® neurons
robustly attenuated chloroquine-induced scratching. Thus,
modulation of nociceptive behavior by activity in p-opioid
receptor—expressing neurons of the periaqueductal gray has
differential effects on distinct nociceptive behaviors: thresh-
old responses were reduced, and itch behavior was elimi-
nated, but escape behavior was enhanced.

Modulation of Latent Sensitization by a Brainstem
Circuit

The parabrachial nucleus has also been shown to engage
descending modulatory systems for nociception.”
We have previously examined the role of parabrachial
nucleus projections to the periaqueductal gray in the
facilitation of jumping behaviors.>* Our previous obser-
vation supports the role of the parabrachial nucleus in
the central modulation of nociception through a direct
connection to the periaqueductal gray.** Building on
this work, we tested a possible role for opioid-dependent
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signaling between the parabrachial nucleus and the peri-
aqueductal gray.

We found that the systemic administration of naloxone
(10mg/kg intraperitoneal) in naive animals did not affect
jumping behaviors (either latency to jump or total jumps)
on the hotplate assay compared to that in saline-injected
mice (latency: mean difference, —5.14+4.58s; 95% CI,
—15.04 to 4.75; P = 0.282; and total jumps: mean difference,
413 jumps; 95% CI, -2 to 11; P = 0.183 by unpaired ¢ test;
n = 10 mice per group; fig. 5A; Supplemental Figure 4A,
https://links.Iww.com/ALN/D202).

However, we were surprised to find that compared to
baseline, the administration of naloxone facilitated jumping
behaviors in mice that had undergone intracranial surgery 4
to 6 weeks before behavioral testing (fig. 5B). In these “con-
trol” mice (those having undergone surgery, but express-
ing eYFP alone rather than channelrhodopsin), naloxone
decreased the latency to jump and increased total jumping
behaviors (latency to jump: least-squares mean difference,
40.895;95% CI,30.15 to 51.62; P < 0.001; total jumps: least-
squares mean difference, =12 jumps; 95% CI,—17 to —7; P <
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Fig. 5. Latent sensitization of pain is suppressed by stimulation of a parabrachial pathway within the periaqueductal gray (PAG). (4) Jumping
behaviors among naive animals receiving saline or naloxone. Latency to jump and total jumps on a hotplate were quantified. Data are mean
+ SD with dots representing individual mice (n = 10 mice per group). P values indicate the results of a two-tailed unpaired ¢ test. (B) Effect
of optogenetic stimulation of parabrachial nucleus (PBN) projections in the PAG in the presence of naloxone on hotplate jumping behaviors
including () latency to jump and total jumps. Data are mean + SD with dots representing individual mice (n = 7 to 9 mice per group). Pvalues
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opioid signaling after injury.

0.001 by two-way repeated-measures ANOVA with Sidak’s
multiple comparisons test; n = 9 mice; fig. 5C). Optogenetic
photostimulation of parabrachial nucleus fibers within the
periaqueductal gray reversed the effects of naloxone, namely
the reduced jumping latency (least-squares mean difference,
10.92s; 95% CI, —1.25 to 23.09; P = 0.081 by two-way
repeated-measures ANOVA with Sidak’s multiple com-
parisons test; n = 7 mice) and the naloxone-induced total
jumps on the hotplate test (least-squares mean difference,
—2 jumps; 95% CI, =7 to 4; P = 0.706 by two-way ANOVA
with Sidak’s multiple comparisons test; n = 7 mice). These
findings suggest that photostimulation blocked the hyperal-
gesic effects of naloxone (fig. 5B; Supplemental Figure 4B,
https://links.Iww.com/ALN/D202).

The robust effects of naloxone in precipitating escape
behaviors to hotplate testing in the absence of a previous
injury (beyond the intracranial viral injection and implan-
tation of optic fibers) highlight the role of compensatory
endogenous opioid mechanisms that are engaged after
cranial surgery. Endogenous opioid signaling has been
shown to mask the behavioral expression of nociception
in a variety of chronic and inflammatory models of pain
in a process known as latent sensitization of pain.”” After a
noxious injury, animals exhibit a hypersensitive state that is
later suppressed by compensatory upregulation of opioid
signaling’' (fig. 5C). This induction of the latent sensitiza-
tion to noxious stimuli is unmasked after the application of
opioid receptor antagonists, such as naloxone.*® The strik-
ing attenuation of naloxone-induced hypersensitivity by

optical stimulation of parabrachial nucleus terminals within
the periaqueductal gray suggests its significant contribution
to the modulation of opioid-dependent latent sensitization.

Discussion

Here, we used the MOR®* allele to examine the modu-
latory role of PAGM®® neurons in models of nociceptive
and itch behaviors. We found that activation of PAGMO®
neurons facilitated escape behaviors but inhibited reflexive
responses to thermal and mechanical thresholds as well as
responses to pruritogen-evoked itch. In addition, we tested
the role of compensation by endogenous opioids within the
periaqueductal gray for the maintenance of chronic post-
surgical hypersensitivity. These data suggest that p-opioid
receptor—expressing neurons in the periaqueductal gray
modulate nociception by eliciting distinct escape and
reflexive responses.

It has recently been shown that the periaqueductal gray
comprises several subpopulations of neurons that modu-
late nociception and itch.'"™2"** In addition to differences
in pharmacologic profiles,"” Periaqueductal gray neu-
rons have also been categorized by neurotransmitter class.
GABAergic (Vgat), or inhibitory, neurons are thought
to be pronociceptive, whereas glutamatergic (Velut2),
or excitatory, neurons are thought to be antinocicep-
tive.'"®”?* In our initial neurochemical characterization of
PAGMO® using fluorescent in situ hybridization, we found
that Oprm1 labeled a large number of both glutamatergic
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and GABAergic neurons within the periaqueductal gray.

These data precluded clear functional subclassifications of
p-opioid receptor—expressing neurons as these two neuro-
chemically distinct populations have been shown to differ-

181934 Therefore, we

entially mediate itch and nociception.
used a viral approach to label only PAGM® neurons that
project to the rostral ventromedial medulla and performed
a fluorescent in situ hybridization analysis of this subset of
neurons. Although all the neurons back-labeled from the
rostral ventromedial medulla were Oprm1*, these neurons
only represented about 25% of the total Oprm1-expressing
population in the periaqueductal gray. Nevertheless, we
consistently found that PAGMO® neurons projecting to
rostral ventromedial medulla expressed Vglut2, and opto-
genetic activation of this pathway was sufficient to induce
Fos expression in the rostral ventromedial medulla. Our
findings, therefore, argue that PAGM“® neurons send pri-
marily excitatory input to the rostral ventromedial medulla.
In this study, we only characterized the neurotransmitter
phenotype in the subset of rostral ventromedial medulla—
projecting PAGM°® neurons, which likely does not reflect
all the output PAGM°® neurons that could also modulate
nociception. Additional neurotransmitter classifications of
periaqueductal gray neurons projecting to structures other
than the rostral ventromedial medulla remain to be fully
characterized.

Dysregulation of functional connectivity between the
periaqueductal gray and other supraspinal structures has
been observed in preclinical and clinical models of chronic
pain,® further underscoring the importance of the periag-
ueductal gray in different forms of acute as well as persistent
pain. Plastic changes have been shown to occur within
the periaqueductal gray in chronic pain, although we did
not test the contributions of periaqueductal gray MOR"*
neurons in a chronic model of pain. However, a surprising
finding in our study was the role of a molecularly defined
population in the periaqueductal gray expressing p-opioid
receptor in escape, reflexive, and itch behaviors. Based on
pharmacologic studies of p agonists and antagonists in the
periaqueductal gray, we predicted that the optogenetic or

GMOR neurons would have

chemogenetic activation of PA
facilitated nociception, whereas chemogenetic inhibition
of these neurons would have antinociceptive effects. We
found that this paradigm was generally predictive when
it came to strongly noxious or inflammatory stimuli and
acute injury models. With hotplate testing, optogenetic and
chemogenetic activation both elicited escape behaviors. We
saw a similar trend with intraplantar capsaicin and formalin,
although these trends did not reach statistical significance.
We generally observed the opposite pattern with assays
more commonly used to assess nociceptive thresholds. In
contrast to the hotplate, formalin, and capsaicin assays, the
von Frey and Hargreaves assays revealed that activation and
inhibition of PAGM“® neurons increased and decreased
response thresholds, respectively.
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One popular idea is that descending modulation inhibits
(or facilitates) nociceptive input as it passes through the dor-
sal horn. In this context, our finding that seemingly oppos-
ing behavioral responses are observed upon manipulation
of PAGMO® neurons is confusing. Another possibility is that
descending modulation alters the behavioral responses to
noxious input. In this scenario, activity in the periaqueduc-
tal gray might selectively modulate diverse behavioral out-
puts in different ways, presumably through distinct neural
targets. We found that PAGM°® neurons inhibited reflexive
thresholds upon von Frey and Hargreaves testing and facil-
itated escape behaviors with hotplate testing and licking in
response to more noxious stimuli, such as capsaicin or for-
malin. We speculate that frankly noxious stimuli may induce
an alarm state that exposes the role of PAGMO® neurons
in coordinating escape responses to noxious stimuli with
the simultaneous suppression of reflexive responses. The
conditions that engage periaqueductal gray neural circuits
remain an important question. We have previously shown
the importance of descending modulatory circuits involv-
ing the periaqueductal gray in modulating escape responses
to pain? and stress-induced antinociception.”? The periaqg-
ueductal gray is important for other physiologic systems of
homeostatic regulation including autonomic control, aver-

3637 Stimulation of specific regions within

sion, and anxiety.
the ventrolateral periaqueductal gray has been shown to
elicit distinct behavioral responses® including locomotion
as well as antinociception.” Therefore, we speculate that
PAGMO® neurons coordinate a defensive response to noci-
ception; activation of these neurons suppresses sensitivity to
threshold assays in favor of facilitating escape behaviors in
noxious settings.

Activation of PAGM“® neurons completely attenuated
chloroquine-induced itch. This observation that periaque-
ductal gray neurons are dichotomously engaged for nocicep-
tion and pruriception would align with recent work showing
that both GABAergic and glutamatergic periaqueductal gray
neurons divergently modulate behavioral responses to painful
and itchy stimuli."*” Our exploration into the function of
GMOR

periaqueductal gray circuitry using PA neurons as an
entry point supports the previous observation that neurons in
the periaqueductal gray do not modulate all forms of noci-
ception and pruriception in the same way. Our results reveal
the contributions of PAGMO® signaling in the modulation
of itch behavior. Our findings that chemogenetic activation
of PAGMO® neurons suppresses itch suggest that these neu-
rons may potentially be disinhibited by p agonists, a mecha-
nism that is consistent with one we previously described for
neuraxial opioids, which elicit itch at the level of the spinal
cord through a mechanism of disinhibition.” Our behavioral
findings highlight opioid circuitry in the periaqueductal gray
as a potential locus for the modulation of itch.

Chronic postsurgical pain is prevalent in 10 to 30% of post-
surgical patients and is difficult to treat.” In rodent models,
the suppression of mechanical and thermal hypersensitivity in
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the weeks to months after injury has been shown to depend
on the upregulation of opioid signaling.”” Latent sensitiza-
tion 1s thought to be maintained through opioid-dependent
mechanisms at both spinal® and supraspinal*"* levels. In this
study, we found that activation of parabrachial nucleus projec-
tions in the periaqueductal gray reversed naloxone-induced
hypersensitivity in a postsurgical model of latent sensitization.
‘We did not perform a classical injury model for latent sen-
sitization (such as plantar incision, nerve injury, or complete
Freund’s adjuvant).** Instead, the administration of nalox-
one in animals that had previously received cranial implants
of optical fibers and stereotactic viral injections was sufficient
for the emergence of latent sensitization.

As previously proposed,™ after injury, there is an upreg-
ulation of p-opioid receptor signaling that is unmasked
by the administration of naloxone. Although the precise
mechanism by which this occurs was not explored in our
study, we found that optical stimulation of the parabrachial
nucleus output to the periaqueductal gray acutely sup-
presses the hypersensitivity induced by naloxone. We did
not assess which surgical step(s) (such as drilling of the burr
hole, lowering of the injector needle, or implantation of the
optical fiber) could have contributed to the phenomenon
of latent sensitization or the timeline during which latent
sensitization develops after surgery. We also did not test the
possibility that latent sensitization may involve an ascend-
ing or descending projection from the periaqueductal gray.
Nevertheless, our current observations pose an important
consideration for future studies using stereotactic delivery
or intracranial implantation as these manipulations could
also affect endogenous opioid signaling.

There has been considerable clinical interest in using the
endogenous pain modulatory system for the management of’
pain disorders. Electrical stimulation of the periaqueductal
gray has been reported to improve subjective ratings of pain
in human studies.* Functional neuroimaging studies have
consistently found that the periaqueductal gray is activated
in models of placebo analgesia.** Our study focuses on the
direct role of PAGM°® neurons, which have been previously
implicated as an important site for endogenous antinocicep-
tion. Using preclinical models, we highlight the circuitry and
behavioral role of the p-opioid receptor—expressing subset
of neurons in the descending modulatory pathway. We reveal
the behavioral complexity of activating these neurons in the
periaqueductal gray, which has important implications for
how endogenous modulatory circuits are engaged for the
behavioral expression of nociception. Finally, we acknowl-
edge the important challenge of addressing whether the
observed changes in pain (or itch) behaviors are truly paral-
leled by differences in the perceptual experience.
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