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Cannabinoids and Opioids Differentially Target Extrinsic
and Intrinsic GABAergic Inputs onto the Periaqueductal
Grey Descending Pathway

Bryony L. Winters, Benjamin K. Lau, and Christopher W. Vaughan
Pain Management Research Institute, Kolling Institute, Faculty of Medicine and Health, The University of Sydney, Royal North Shore Hospital, New
South Wales 2065, Australia

The midbrain periaqueductal gray (PAG) plays a central role in pain modulation via descending pathways. Opioids and can-
nabinoids are thought to activate these descending pathways by relieving intrinsic GABAergic inhibition of PAG neurons
which project to the rostroventromedial medulla (RVM), a process known as disinhibition. However, the PAG also receives
descending extrinsic GABAergic inputs from the central nucleus of the amygdala (CeA) which are thought to inhibit PAG
GABAergic interneurons. It remains unclear how opioids and cannabinoids act at these different synapses to control descend-
ing analgesic pathways. We used optogenetics, tract tracing and electrophysiology to identify the circuitry underlying opioid
and cannabinoid actions within the PAG of male and female rats. It was observed that both RVM-projection and nonprojec-
tion PAG neurons received intrinsic-PAG and extrinsic-CeA synaptic inputs, which were predominantly GABAergic. Opioids
acted via presynaptic m-receptors to suppress both intrinsic and extrinsic GABAergic inputs onto all PAG neurons, although
this inhibition was greater in RVM-projection neurons. By contrast, cannabinoids acted via presynaptic CB1 receptors to
exclusively suppress the direct descending GABAergic input from the CeA onto RVM-projection PAG neurons. These findings
indicate the CeA controls PAG output neurons which project to the RVM via parallel direct and indirect GABAergic path-
ways. While m-opioids indiscriminately inhibit GABAergic inputs onto all PAG neurons, cannabinoids selectively inhibit a
direct extrinsic GABAergic input from the amygdala onto PAG projection neurons. These differential actions of opioids and
cannabinoids provide a flexible system to gate the descending control of analgesia from the PAG.
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Significance Statement

The disinhibition hypothesis of analgesia states that opioids activate the midbrain periaqueductal gray (PAG) descending
pathway by relieving the tonic inhibition of projection neurons from GABAergic interneurons. However, the PAG also
receives extrinsic GABAergic inputs and is the locus of action of cannabinoid analgesics. Here, we show the relative sensitivity
of GABAergic synapses to opioids and cannabinoids within the PAG depends on both the origin of presynaptic inputs and
their postsynaptic targets. While opioids indiscriminately inhibit all GABAergic inputs onto all PAG neurons, cannabinoids
selectively inhibit a direct extrinsic GABAergic input from the amygdala onto PAG descending projection neurons. These dif-
ferential actions of opioids and cannabinoids provide a flexible system to gate PAG descending outputs.

Introduction
The midbrain periaqueductal gray (PAG) plays a pivotal
role in integrating a range of analgesic, behavioral and auto-
nomic responses to threat, stress, and pain (Keay and
Bandler, 2001). Of particular interest is the ventrolateral
column of the PAG which forms part of an endogenous an-
algesic system that projects via the rostroventromedial me-
dulla (RVM) to the spinal dorsal horn where it modulates
ascending nociceptive transmission (Fields and Basbaum,
1978; Heinricher and Fields, 2013). In conjunction with this
physiological role, the PAG is a major site of the analgesic
actions of endogenously released and exogenously applied
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opioids and cannabinoids (Yeung et al., 1977; Martin et al.,
1999; Hohmann et al., 2005; Lane et al., 2005).

Opioids and cannabinoids are thought to activate descending
analgesic pathways by relieving GABAergic inhibition of PAG
projection neurons, a process known as disinhibition (Moreau
and Fields, 1986; Depaulis et al., 1987). Cellular studies have
shown that opioids act via presynaptic m-opioid receptors to in-
hibit GABAergic synaptic transmission within the ventrolateral
PAG, particularly onto RVM-projecting neurons (Vaughan and
Christie, 1997; Chiou and Huang, 1999; Vaughan et al., 2003;
Park et al., 2010; Lau et al., 2020). Likewise, cannabinoids are
known to act via presynaptic CB1 receptors to suppress
GABAergic synaptic transmission within the ventrolateral
PAG, however their relative actions on RVM-projection
versus nonprojection PAG neurons are unclear (Vaughan et
al., 2000; Drew et al., 2008, 2009).

It has long been thought that the inhibitory control of
PAG descending outputs is derived from GABAergic inter-
neurons within this brain structure (Barbaresi and Manfrini,
1988; Reichling and Basbaum, 1990a, b; Park et al., 2010;
Samineni et al., 2017). However, the PAG also receives ex-
trinsic GABAergic inputs from higher centers such as the
central nucleus of the amygdala (CeA; Rizvi et al., 1991;
Oka et al., 2008). Recent optogenetic studies have shown that
GABAergic CeA neurons specifically synapse onto GABAergic
neurons within the PAG, and in turn, these intrinsic GABAergic
neurons synapse onto glutamatergic PAG neurons which are
presumably projection neurons (Reichling and Basbaum, 1990b;
Tovote et al., 2016; Avegno et al., 2018; Yin et al., 2020). These
observations indicate that the CeA activates PAG descending
projection neurons via disynaptic GABAergic disinhibition.
However, it is unknown how this wide range of inhibitory synap-
ses is targeted by opioids and cannabinoids. This information is
essential as it defines how opioid and cannabinoid disinhibition
regulates descending analgesic outputs from the PAG. We there-
fore used a combination of electrophysiology, optogenetics and
tract tracing to identify the circuitry underlying opioid and can-
nabinoid modulation of the descending analgesic output from
the PAG.

Materials and Methods
Experiments were conducted on male and female Sprague Dawley rats
in accordance with guidelines set by the National Health and Medical
Research Council Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes. All experiments were approved by the
Royal North Shore Hospital Animal Ethics Committee (protocols 1311-
013A, RESP-17-94, RESP-18-208). Pregnant female rats were obtained
from the Animal Resources Center (Canning Vale) and were housed in
the Kolling Institute Facility. After weaning [postnatal day (P)21], ani-
mals of the same gender were housed in groups of two to four in individ-
ually ventilated cages under controlled light (12/12 h light/dark cycles)
and temperature (236 1°C, 70% humidity) with ad libitum access to
water and food pellets. Cages were enriched with a house igloo, tissues
for nesting, and straws or paddle pop sticks on alternate weeks.

Retrograde tracer and channelrhodopsin-2 (ChR2) microinjections
For brain microinjections, three- to five-week-old rats were anaesthe-
tized (1–2% isoflurane in O2), placed in a stereotaxic frame and the dura
exposed by trephination over the RVM, PAG, and CeA. Microinjections
were made via a glass micropipette (tip diameter 30mm, Drummond
Nanoject). For retrograde tracing, red-orange fluorescent microspheres
(Invitrogen) were microinjected into the RVM (adult coordinates: �1.2
mm posterior and �10.8 mm ventral from l ; total volume: 80–180 nl).
For optogenetics, AAV8-hSyn-ChR2(H134R)-GFP (1.9� 1013 vg/ml,

Addgene, RRID: Addgene_58880) was unilaterally microinjected
into the ventrolateral/lateral PAG (adult coordinates: 11.0 mm an-
terior, 60.62 mm medial/lateral, �6.25 mm ventral to l ; total vol-
ume: 70–150 nl; injection site randomized equally between left and
right hemispheres), or bilaterally into the CeA (adult coordinates:
�2.0 mm posterior,64.15 mm medial/lateral, �8.05 ventral to bregma;
total volume: 50–130 nl). The coordinates for all injections were adjusted
using the juvenile: adult ratio of the bregma-l distance, regardless of
gender. The burr hole was then filled with bone wax and the incision
was irrigated with saline and closed with box stitches using 4.0 or 6.0 silk
sutures. The wound was treated with antiseptic (1% w/v iodine solution)
and animals received an analgesic (buprenorphine 0.05mg kg�1, s.c.)
immediately after surgery. Animals were then recovered from anesthesia
in a clean cage warmed by a heating pad before being returned to their
holding room. If required, animals received an antibiotic (Benacillin
64mg kg�1, i.p.) 4–7 d after surgery. Animals were used for ex vivo slice
experiments at 8–12weeks postsurgery and tracer/ChR2 injections were
examined post hoc to verify correct placement within the RVM, ventro-
lateral PAG, and CeA.

Electrophysiology
For ex vivo slice experiments, animals were deeply anaesthetized with
isoflurane, decapitated and coronal slices (300mm) containing the
PAG, amygdala (CeA and BLA), and RVM were cut using a vibra-
tome (VT1200S, Leica Microsystems) in ice-cold artificial CSF
(ACSF) of composition (in mM): 126 NaCl, 2.5 KCl, 1.4 NaH2PO4,
1.2 MgCl2, 2.4 CaCl2, 11 glucose, and 25 NaHCO3; equilibrated
with 95% O2 and 5% CO2. Slices were then incubated for 10 min at
34°C in a N-Methyl-D-Glucamine (NMDG) recovery solution (in
mM): 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25
glucose, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 10 MgCl2,
and 0.5 CaCl2 (pH 7.4). The slices were then maintained in a sub-
merged chamber containing ACSF for at least 1 h at room temperature
(RT) before recording or fixation. For recording, PAG or CeA contain-
ing slices were individually transferred to a chamber on an upright flu-
orescence microscope (Olympus BX51) and superfused continuously
with ACSF (34°C, flow rate 2.5 ml min�1). Neurons were visualized
with a 40� water-immersion objective using Dodt gradient contrast
optics. In animals that received retrograde tracer or ChR2 injections,
the presence/absence of red-orange microspheres and/or ChR2-GFP in
recorded neurons was detected under brief fluorescent illumination
(460- to 495- or 530- to 550-nm wavelengths) before recording.

Whole-cell voltage-clamp recordings (Axopatch 200B, or 700B,
Molecular Devices) of synaptic currents (holding potential, –65mV)
were made using a CsCl-based internal solution containing (in mM):
140 CsCl, 0.2 EGTA, 10 HEPES, 1 MgCl2, 2 MgATP, 0.3 NaGTP, and
0.1% biocytin (pH 7.3; osmolarity, 280–285 mOsm l�1). Whole-cell
current-clamp recordings of synaptic potentials were made using a K-
gluconate-based internal solution containing (in mM): 135 K-gluco-
nate, 4 NaCl, 0.5 EGTA, 10 HEPES, 1 MgCl2, 2 MgATP, 0.3 NaGTP,
and 0.1% biocytin (pH 7.3; osmolarity, 280–285 mOsm l�1). Series re-
sistance (,25 MV) was continuously monitored during experiments.

Electrically evoked currents were elicited using nickel-chromium
bipolar electrodes placed 200–500 mm away from the recording elec-
trode. Optically evoked currents were elicited using a 473-nm fiber-
coupled laser (100 mW, Ikecool), or an LED (17 mW, Thorlabs) via
the microscope objective. Electrical and optically evoked current
recordings were conducted at twice the intensity required to elicit a
stable response above noise threshold. IPSCs were pharmacologically
isolated in the presence of the AMPA/kainate receptor antagonist,
2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX; 5 mM), the
glycine receptor antagonist, strychnine (3 mM) and the NMDA receptor
antagonist, dl-2-amino-5-phosphonopentanoic acid (AP5; 50 mM); the
role of GABAA receptors was confirmed with the GABAA receptor an-
tagonist gabazine (10 mM). The actions of opioids were examined with
maximal concentrations of the m-opioid agonist DAMGO (3 mM) and
the m-opioid antagonist CTAP (1 mM), and cannabinoids with maximal
concentrations of the pan-cannabinoid agonist WIN55212-2 (1 mM)
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and the CB1 selective antagonists AM251 and
AM281 (1 mM, results pooled).

In recordings, drug testing was conducted
after obtaining a stable baseline recording for
at least 5 min. To obtain stable, steady-state
actions, synaptic transmission agents and
opioids were applied for periods of 5–6min,
and cannabinoids for 8–12min. All recordings
were filtered (3- to 5-kHz low-pass filter) and
sampled (20 kHz) for on-line and later off-line
analysis using AxographX (Axograph Scientific
Software, RRID: SCR_014284). The peak ampli-
tude of electrically and optically evoked PSCs
were measured relative to a 2-ms baseline pre-
ceding the stimulus. Drug effects on electro-
physiological parameters were measured at
fixed time points: over the last 2min before,
and during drug application. Drug effects on
PSC parameters in each recording were calcu-
lated as a percentage of the predrug value.
Experimenters were not blinded to the drug, or
neuron type being tested because (1) opioids
and cannabinoids had to be applied for differ-
ent durations because of their differing lipophi-
licity (see above), (2) identification of neurons
as RVM-retrolabeled or unlabeled was required
for each recording, and (3) intra-CeA versus
intra-PAG AAV-ChR2-injected animals could
easily be distinguished by the intensity and dis-
tribution of GFP in each slice before recording.
Neuron recordings were only excluded from
analysis if (1) the RVM or CeA injection site
was incorrect, (2) series resistance varied by
.25% during a recording, or (3) evoked synap-
tic currents/potentials during the preagonist,
baseline period changed by.20%. Data outliers
were not excluded.

Immunohistochemistry and confocal imaging
For post hoc staining following electrophysi-
ology (PAG and amygdala), slices (300 mm)
containing neurons filled with 0.1% biocytin
during whole-cell recordings were fixed over-
night at 4°C in 4% PFA in 0.1 M phosphate
buffer (PB). Similarly, to check and image
injection locations, after recovery (10min in
NMDG at 34°C, then .1 h in ACSF at RT),
all slices containing the amygdala and RVM were fixed overnight in
4% PFA at 4°C. In all cases, slices were then washed three times for
10min with 0.1 M PB and stored either in PB (less than two weeks) or
0.2% sodium azide in PB (less than threemonths) at 4°C before stain-
ing. For staining, slices were washed three times (5min) to remove
azide and then incubated for 1 h at RT in 5% horse serum, 1% BSA
and 0.3% Triton X-100 in PB. To amplify GFP signals in slices iso-
lated from animals that received intra-PAG or intra-CeA injections
of AAV-ChR2, the primary antibody anti-GFP (1:500) was diluted in
1% BSA/0.1% Triton X-100 in PB and incubated overnight at 4°C. Slices
were then washed 4 times (10min) at RT with PB before secondary anti-
body incubation. The secondary antibody donkey anti-chicken-488 (1:500)
and Steptavidin Avidin-647 (1:1000, ThermoFisher) were co-diluted in
1% BSA/0.1% Triton X-100 in PB and slices were incubated for 2 h at
RT (light protected). In all cases, the nuclear stain, DAPI (1:2000,
Sigma), was added for the last 30min of the final incubation period.
Slices were then washed four times (10min) with PB and mounted onto
slides using Fluoromount-G (SouthernBiotech).

All sections were visualized using a Leica TCS SP5 confocal micro-
scope (lasers: 405, 488, 561, and 633nm) and images were captured with
LAS AF (Leica) software. Images were taken sequentially with different
lasers using either 10� (NA 0.4) or 20� (NA 0.7) dry objectives or a

63� (NA 1.4) oil immersion objective. To image larger fields of view,
tile-scanned images (10� or 20� objectives) were taken and stitched
(10% overlap) using LAS AF software. Z-stacks and tiled images were
collected where indicated and images were processed using ImageJ
software (NIH).

Experimental design and statistical analysis
Based on our prior electrophysiology studies in PAG projection neurons
(effect size of 1.5 with a/b errors of 0.05), it was estimated that 8 neuron
recordings were required per group for the opioid and cannabinoid
experiments (Drew et al., 2009; Lau et al., 2020). To ensure this mini-
mum sample size, we prepared 10 animals per experimental group as (1)
there was initially an 80% success rate with the combined tracer/AAV
injections, and (2) one neuron recording was obtained per slice and
between two and four slices obtained per animal. While only one neuron
recording was usually obtained per animal for each experiment group, in
some cases two neuron recordings were obtained from different slices in
one animal. This, plus a higher tracer/AAV success rate led to the vari-
able number of neuron recordings per opioid/cannabinoid experimental
group (n=8–11 neurons from 8 animals per group). Higher numbers of
neurons were obtained in the initial experiments characterizing opti-
cally evoked currents in Figures 1-3 as the frequency of the connec-
tions was unknown; these experiments were first conducted as

Figure 1. The CeA projects to the midbrain PAG. A, Schematic of experimental configuration; optically evoked currents
were recorded in CeA and BLA neurons from animals which received intra-CeA AAV-ChR2 injection, and in some cases an
intra-RVM retrograde tracer injection. Bi, Low-power (10�), stacked image (z = 52mm) displaying AAV-ChR2 injection site;
488 and BF channels overlaid to illustrate different amygdala regions. Bii, High-power (40�), stacked image (z = 4mm) of
ROI illustrated in Bi, arrows indicate cell surface labeling of AAV-ChR2-GFP. C, Single traces of (i) currents in CeA neurons
evoked by focal optical stimulation of increasing duration (0.2, 0.5, 1, 5, and 20ms) in voltage-clamp mode, and (ii) optically
evoked action potential in current-clamp mode. D, Single traces of (i) currents in BLA neurons evoked by focal optical stimu-
lation of increasing duration (0.2, 0.5, 1, 5, and 20ms) in voltage-clamp mode, and (ii, iii) in current-clamp mode showing
action potential generation during a current step, but not during optical stimulation. Ei, Eii, Low-power (20�), tiled (4� 4)
stacked image (z = 38mm), showing distribution of (i) AAV-ChR2-GFP terminal labeling and (ii) retrolabeling, inset displays
injection location in RVM. Eiii, High-power (63�), stacked image (z = 26mm) of ROI illustrated in Eii, arrows indicate retro-
grade beads surrounded by terminal AAV-ChR2-GFP labeling. Scale bars: 200mm (Bi, Ei, Eii) and 50mm (Bii, Eiii).
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individual experimental groups, and then in the same neurons used
for multiple opioid/cannabinoid experiment groups.

Individual drug effects on optically and electrically evoked PSCs
were first made using Student’s paired t test (pre vs drug). These drug
effects were then compared between retrograde tracer neuronal types
(RVM-labeled, unlabeled) and AAV-injection site (intra-CeA, -PAG
AAV-ChR2) using two-way independent ANOVA, with post hoc com-
parisons made using Sidak’s adjustment for multiple comparisons (data
satisfied Levene’s test for homogeneity of variance). Comparisons of pro-
portions of retrolabeled versus unlabeled neuron responders to optical
stimulation were made using Fisher’s exact test. Statistical analysis was
performed using Prism (RRID:SCR_002798) and SPSS (RRID:SCR_
002865). All numerical data are expressed as mean6 SEM, and differen-
ces were considered significant if p, 0.05. The number of male and
female animals was balanced across experimental groups, but gender
was not considered as a factor for statistical analysis.

Drugs and reagents
AAV-ChR2s were obtained from the University of North Carolina
Vector Core or Addgene (RRID: SCR_002448; RRID: Addgene_58880,
respectively); all other reagents were obtained from Sigma-Aldrich,
Abcam, and Tocris Bioscience. Stock solutions of neurochemicals were
made in distilled water, or dimethyl sulfoxide, then diluted to working
concentrations in ACSF (�1:3000 solvent) immediately before use and
applied by bath superfusion. The slice perfusion apparatus was washed
in ethanol (70–80%) following the completion of cannabinoid record-
ings to remove any potential drug residue that might affect subsequent
recordings.

Results
Extrinsic GABAergic inputs from the CeA target both RVM-
projection and nonprojection neurons within PAG
The descending CeA-PAG-RVM pathway forms part of an
endogenous analgesic system that modulates nociception
within the spinal cord. To examine the amygdala-PAG cir-
cuitry involved in this analgesic system, ChR2 containing viral
constructs (AAV-hSyn-ChR2(H134A)-GFP) were stereotaxically
injected into the CeA (Fig. 1A). At 8–12weeks following intra-
CeA injection of AAV-ChR2-GFP, GFP-positive cell body and
punctate staining was observed throughout the CeA, but not
within the adjacent basolateral amygdala (BLA; Fig. 1B).

To examine whether this intra-CeA injection of AAV-ChR2-
GFP led to functional expression of ChR2 in CeA neurons, we
conducted electrophysiological recordings from amygdala slices.
In identified GFP positive CeA neurons, focal optical stimulation
(473nm, 0.1–20ms in duration) evoked currents which had an
immediate onset, increased in amplitude with stimulus duration,
and displayed only partial desensitization during long duration
stimuli (Fig. 1Ci, n= 16). In current-clamp mode, optical stimu-
lation led to depolarization and the generation of action poten-
tials in these neurons (Fig. 1Cii). Within the adjacent BLA, focal
optical stimulation did not evoke any currents, or depolarization
in voltage-clamp and current-clampmode, but the neurons read-
ily fired action potentials when injected with current via the
patch pipette (Fig. 1Di–Diii, n= 6). Thus, intra-CeA injection of
AAV-ChR2 led to functional ChR2 expression within CeA
neurons.

In these intra-CeA AAV-ChR2-injected animals, punctate
GFP staining was observed throughout the lateral and ventro-
lateral columns of PAG (Fig. 1Ei), consistent with prior stud-
ies (Rizvi et al., 1991; Oka et al., 2008; Tovote et al., 2016; Yin
et al., 2020). Previous studies using cre-dependent genetic
strategies indicate GABAergic CeA neurons selectively project
to GABAergic neurons within the PAG, which are presumed
interneurons (Tovote et al., 2016; Yin et al., 2020), but it is

unclear whether RVM-projection neurons also receive direct
CeA inputs. We therefore examined whether CeA afferents
target PAG neurons which project to the RVM by injecting
retrograde tracer (red-orange fluorescent microspheres) into
the RVM. RVM tracer injection led to retrograde cell body
labeling in subpopulations of neurons throughout the lateral
and ventrolateral PAG columns (Fig. 1Eii). In PAG slices,
punctate GFP staining was detected around, but not in the cell
bodies and dendrites of both RVM-retrolabeled and unlabeled
neurons within the ventrolateral PAG (Figs. 1Eiii, 2B).

We next examined the specific ventrolateral PAG neurons
targeted by the CeA using electrophysiology in PAG slices from
animals that received both an intra-CeA AAV-ChR2 injection
and an intra-RVM retrograde tracer injection (Fig. 2A). Focal
optical stimulation evoked currents in subpopulations of RVM-
retrolabeled and unlabeled neurons which had a delayed onset,
increased in amplitude with stimulus duration, but rapidly
desensitized regardless of the stimulus duration (Fig. 2Ci). These
optically evoked currents were observed in a greater proportion
of RVM-retrolabeled compared with unlabeled PAG neurons
(Fig. 2Cii; x (1)2 = 26.8, p= 0.0000002, 56% vs 34%, n= 150/268
and 94/277 in retrolabeled and unlabeled, Fisher’s test).

The optically evoked PSCs in both RVM-retrolabeled and
unlabeled PAG neurons were unaffected by NBQX (Fig. 2D,E,
pre vs NBQX: t(15) = 1.3, p= 0.21 and t(12) = 0.24, p= 0.81; paired
t tests for retrolabeled and unlabeled, n=16, 13), but were abol-
ished by gabazine (Fig. 2D,E, pre vs gabazine: t(22) = 133, p, 1�
10�9, t(20) = 96, p, 1� 10�9; paired t tests for retrolabeled and
unlabeled neurons, n=23, 21). Unlike optically evoked PSCs,
electrically evoked PSCs in these neurons were reduced by
NBQX and subsequently abolished by co-application of gabazine
(Fig. 2D,E, pre vs NBQX: t(15) = 6.9, p= 5� 10�6 and t(12) = 6.6,
p= 3� 10�5, n=16, 13; pre vs gabazine: t(15) = 69, p, 1� 10�9,
t(13) = 69, p, 1� 10�9, n=16, 14, paired t tests for retrolabeled
and unlabeled neurons). The effect of the blockers, NBQX and
gabazine, did not differ between RVM-retrolabeled and unlabeled
PAG neurons for both optically and electrically evoked PSCs (opto:
F(1,69) =1.9, p=0.2; electrical: F(1,55) =0.2, p=0.62, ANOVA).

Finally, these optically evoked currents were abolished by
tetrodotoxin (TTX), and this inhibition was recovered by the
K1-channel blocker 4-aminopyridine (4AP; 100 mM; Fig. 2F,G,
pre vs TTX: t(6) = 74, p=4� 10�9 and t(6) = 124, p=2� 10�11;
pre vs TTX1 4AP: t(6) = 1.1, p= 0.32, t(6) = 2.0, p=0.094, paired t
tests for retrolabeled and unlabeled neurons, n= 7, 7), indicating
the response was monosynaptic (Cho et al., 2013). By contrast,
electrically evoked currents were abolished by TTX, and this in-
hibition was not recovered by 4AP (Fig. 2G, pre vs TTX: t(5) = 65,
p= 2� 10�8 and t(5) = 35, p=3� 10�7; pre vs TTX1 4AP:
t(5) = 46, p= 1� 10�7, t(5) = 58, p=3� 10�8, paired t tests; for ret-
rolabeled and unlabeled neurons, n=6, 6). The effect of the
blockers, TTX and 4AP, did not differ between RVM-retrola-
beled and unlabeled PAG neurons for both optically and electri-
cally evoked PSCs (opto: F(1,24) = 0.3, p= 0.58; electrical: F(1,22) =
0.4, p= 0.56, ANOVA). Together with the NBQX insensitivity,
these observations indicate the CeA sends monosynaptic
GABAergic synaptic inputs onto both RVM-projection and
unlabeled neurons within PAG, with a higher proportion of
these extrinsic inputs targeting RVM-projection neurons.

Intrinsic GABAergic inputs target both RVM-projection and
nonprojection neurons within PAG
According to the disinhibition hypothesis, PAG output neu-
rons are thought to be directly regulated by local GABAergic
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interneurons. To address this, AAV-ChR2-GFP was unilater-
ally injected into the PAG (Fig. 3A). Bilateral GFP positive
staining was observed throughout the PAG, although at higher
levels on the side of the injection (Fig. 3B). Within the PAG,
both cell body and punctate staining was observed, with stain-
ing in cell bodies localised around their surface rather than
throughout the cytoplasm, indicating preferential cell surface
expression of ChR2-GFP (Fig. 3B).

To examine whether intra-PAG injection of AAV-ChR2-GFP
led to functional expression of ChR2 in PAG neurons, we con-
ducted electrophysiological recordings from PAG slices (Fig.
3A). In PAG neurons identified as having GFP in their cell
bodies, focal optical stimulation evoked currents which had an
immediate onset and displayed partial desensitization during
long duration stimuli (Fig. 3Ci, n=12). In current-clamp mode,
optical stimulation led to depolarization and the generation of

action potentials (Fig. 3Cii). In these neurons, application of
NBQX and subsequent addition of gabazine did not have a sig-
nificant effect on optically evoked currents (Fig. 3D,E, pre vs
NBQX: t(7) = 1.8, p=0.11, n=8; pre vs gabazine: t(8) = 2.0,
p= 0.076, n=9, paired t tests). By contrast, NBQX reduced and
gabazine abolished electrically evoked currents in these neurons
(Fig. 3D,E; pre vs NBQX: t(6) = 5.7, p=0.001, n=7; pre vs gaba-
zine: t(5) = 60, p=2� 10�8, n=6, paired t tests). This indicates
that intra-PAG injection of AAV-ChR2 led to functional postsy-
naptic ChR2 expression within the PAG.

To identify the intrinsic synaptic inputs onto RVM-projection
and unlabeled PAG neurons, we performed electrophysiological
recordings in GFP-negative neurons from animals that received
intra-PAG AAV-ChR2 and intra-RVM retrograde tracer injec-
tions (Fig. 3F). In these PAG slices, GFP-labeled axons and ter-
minals were identified that were apposed to the cell bodies and

Figure 2. PAG projection and nonprojection neurons receive monosynaptic GABAergic inputs from CeA. A, Schematic of experimental configuration; optically evoked currents were recorded
in retrolabeled and unlabeled PAG neurons from animals which received intra-RVM tracer injection and intra-CeA AAV-ChR2 injection. B, High-power (63�) stacked confocal images of biocytin-
filled PAG neurons (blue) that were (i) retrogradely labeled (magenta; z = 61mm) or (ii) unlabeled (z = 37.5mm) from the RVM, surrounded by ChR2/GFP-positive fibers (green). Scale bars:
25mm. Ci, Single traces of PSCs (oPSCs) in RVM-retrolabeled and unlabeled PAG neurons evoked by focal optical stimulation of increasing duration (0.2, 0.5, 1, 5, and 20ms), and (Cii) the fre-
quency of occurrence of these optically evoked PSCs. D, Averaged traces optically (blue triangles) and electrically (black arrow) evoked currents in (i) RVM-retrolabeled and (ii) unlabeled PAG
neurons, before (Pre) and during application of NBQX, then gabazine (GBZ). E, Scatter plots of the effect of NBQX and GBZ on optically and electrically evoked currents in RVM-retrolabeled and
unlabeled PAG neurons. F, Averaged traces (i) and normalized time plot (ii) of the amplitude of optically evoked currents in an RVM retrolabeled PAG neuron, before and during application of
TTX and 4AP. G, Scatter plots of the effect of TTX and 4AP on normalized optically and electrically evoked PSCs (oPSC, ePSC) in RVM-retrolabeled and unlabeled PAG neurons. In C,
***p, 0.001 retrolabeled versus unlabeled; E, G, ***p, 0.001, ****p, 0.0001 for pre versus drug.
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dendrites of both RVM-retrolabeled and unlabeled GFP-negative
neurons (Fig. 3G). Focal optical stimulation evoked currents in
RVM-retrolabeled and unlabeled GFP-negative PAG neurons
which had a delayed onset, increased in amplitude with stimulus

duration, and rapidly desensitized regardless of the stimulus du-
ration (Fig. 3Hi). The success rate for obtaining optically evoked
PSCs was similarly high in RVM-retrolabeled and unlabeled in
GFP-negative PAG neurons (Fig. 3Hii; x (1)2 = 0.44, p= 0.51,

Figure 3. PAG projection and nonprojection neurons receive intrinsic monosynaptic GABAergic inputs from within PAG. A, Schematic of experimental configuration for panels B–E; optically evoked
currents were recorded in GFP positive PAG neurons from animals which received an intra-PAG AAV-ChR2-GFP injection. Bi, Low-power (20�) tiled (4� 3), stacked (z = 40mm) image of AAV-ChR2
injection site within the PAG. Bii, High-power (40�), stacked (z = 5mm) image of the dotted region of interest. Arrows depict examples of neurons encased by ChR2-GFP (green), indicating cell sur-
face expression of ChR2-GFP. C, Single traces in GFP-positive PAG neurons of (i) optically evoked PSCs with increasing stimulation durations (0.2, 0.5, 1, 5, and 20ms) in voltage-clamp mode and (ii)
a current-clamp trace of an optically evoked action potential. D, Single traces of optically (blue triangle) and electrically (black arrows) evoked currents in the neuron from (C) before and during appli-
cation of NBQX and then gabazine (GBZ). E, Scatter plots of the effect of NBQX (or CNQX) and GBZ on optically and electrically evoked currents in GFP-positive PAG neurons. F, Schematic of experimen-
tal configuration for panels G–K; optically evoked currents were recorded in GFP-negative PAG neurons from animals which received an intra-PAG AAV-ChR2-GFP injection and an intra-RVM tracer
injection. G, High-power (63�) stacked images of biocytin filled (i) RVM-retrolabeled (magenta; z = 50mm) or (ii) unlabeled (z = 77mm) PAG neurons surrounded by ChR2-GFP positive terminals.
Hi, Single traces of optically evoked currents in a GFP-negative RVM-retrolabeled PAG neuron with increasing stimulation durations (0.2, 0.5, 1, 5, and 20ms). Hii, The frequency of occurrence of these
optically evoked currents. I, Single traces of optically evoked currents in the neuron from (C) before and during application of NBQX and then gabazine (GBZ). J, Scatter plots of the effect of NBQX (or
CNQX) and GBZ on optically evoked currents in RVM-retrolabeled and unlabeled GFP-negative PAG neurons. K, Scatter plots of the effect of TTX and 4AP on normalized optically and electrically evoked
PSCs (oPSC, ePSC) in RVM-retrolabeled and unlabeled PAG neurons. In E, J, K, **p, 0.01, ****p, 0.0001 for pre versus drug. Scale bars: 200mm (Bi), 50mm (Bii), and 25mm (Gi, Gii).
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96% vs 94%, n= 112/117 and 89/95, Fisher’s test in retrolabeled
and unlabeled). These optically evoked currents were unaffected
by NBQX but were abolished by gabazine in both RVM-retrola-
beled and unlabeled neurons (Fig. 3I,J; pre vs NBQX: t(6) = 0.3,
p=0.8 and t(6) = 0.9, p=0.42, n= 7, 7; pre vs gabazine: t(8) = 48,
p, 1� 10�9, t(5) = 73, p=1� 10�8, n=9, 6 paired t tests for ret-
rolabeled and unlabeled neurons, respectively). In these neurons,
electrically evoked PSCs were reduced by NBQX and subse-
quently abolished by co-application of gabazine (Fig. 3I,J, pre vs
NBQX: t(5) = 2.8, p= 0.038 and t(7) = 3.8, p=0.0067, n=6, 8; pre
vs gabazine: t(5) = 107, p= 1� 10�9, t(5) = 71, p=1� 10�8, n=6,
6, paired t tests for retrolabeled and unlabeled neurons). The
effect of the blockers, NBQX and gabazine, did not differ
between RVM-retrolabeled and unlabeled PAG neurons for both
optically and electrically evoked PSCs (opto: F(1,25) = 0.6, p=0.44;
electrical: F(1,2) = 0.1, p=0.78, ANOVA).

Finally, these gabazine-sensitive currents were abolished by
TTX and this inhibition was recovered by addition of 4AP (Fig.
3K, pre vs TTX: t(6) = 26, p= 2� 10�7 and t(5) = 85, p= 4� 10�9;
pre vs TTX1 4AP: t(6) = 0.5, p=0.45, t(5) = 0.8, p=0.75, n=7, 6,
paired t tests for retrolabeled and unlabeled neurons). By
contrast, electrically evoked currents were abolished by TTX,
and this inhibition was not recovered by 4AP (Fig. 3K, pre vs
TTX: t(5) = 110, p = 1� 10�9 and t(5) = 44, p = 1� 10�7; pre vs
TTX1 4AP: t(5) = 107, p = 1� 10�7, t(5) = 40, p = 2� 10�7,
n = 6, 6, paired t tests; for retrolabeled and unlabeled neurons).
The effect of the blockers, TTX and 4AP, did not differ between
RVM-retrolabeled and unlabeled PAG neurons for both optically
and electrically evoked PSCs (opto: F(1,22) = 0.2, p= 0.67; electri-
cal: F(1,20) = 1.4, p= 0.26, ANOVA). Together with the NBQX
insensitivity, these observations indicate both RVM-retrolabeled

and unlabeled PAG neurons receive intrinsic monosynaptic
inputs from GABAergic interneurons.

Opioids presynaptically inhibit intrinsic and extrinsic
GABAergic inputs onto all PAG neurons
Opioids are thought to activate the descending PAG-RVM
analgesic pathway by relieving intrinsic GABAergic inhibi-
tion of PAG neurons which project to the RVM (Lau et al.,
2020). However, the above experiments indicate that in addition
to intrinsic inputs, PAG neurons receive extrinsic GABAergic
inputs from the CeA, which appear to preferentially target RVM-
projecting neurons. The m-opioid sensitivity of these amygdala
inputs to the PAG are unknown. We therefore investigated
the effect of the m-opioid agonist DAMGO on optically evoked
IPSCs in PAG neurons from animals that received an intra-
RVM retrograde tracer together with either an intra-PAG or
an intra-CeA injection of AAV-ChR2 (Fig. 4A–D). The level
of DAMGO-sensitivity was compared between the two dis-
tinct GABAergic inputs and between RVM-retrolabeled and
unlabeled neurons.

In PAG slices from intra-CeA AAV-ChR2-injected animals,
DAMGO produced a reduction in the amplitude of optically
evoked IPSCs in both RVM-retrolabeled and unlabeled neurons
which was reversed by the m-opioid antagonist CTAP (Fig. 4A,B,E,
pre vs DAMGO: t(9) = 11, p=2� 10�6 and t(10) =6.5, p=7� 10�5,
n=10, 11, paired t tests in retrolabeled and unlabeled). Similarly,
DAMGO produced a CTAP-sensitive inhibition of optically evoked
IPSCs in both RVM-retrolabeled and unlabeled PAG neurons
from intra-PAG AAV-ChR2-injected animals (Fig. 4C–E, pre
vs DAMGO: t(10) = 14, p = 6� 10�8 and t(10) = 4.6, p = 0.001,
n= 11, 11, paired t tests in retrolabeled and unlabeled). However,

Figure 4. l-Opioids suppress intrinsic and extrinsic-CeA GABAergic inputs onto RVM-projection and nonprojection PAG neurons. Effect of DAMGO, CTAP, and gabazine (GBZ) on optically
evoked IPSCs (oIPSCs) in (A, C) RVM-retrolabeled and (B, D) unlabeled PAG neurons from (A, B) intra-CeA and (C, D) intra-PAG AAV-ChR2-injected animals. In panels A–D, (i) the experiment
configuration in animals with an intra-RVM retrograde tracer injection plus an intra-CeA, or intra-PAG AAV-ChR2 injection; (ii) time plots of the normalized amplitude of evoked IPSCs (oIPSCs)
from individual neurons, and (iii) averaged traces of paired optically evoked PSCs (blue arrows) from the same neuron. E, Scatter plots of the effect of DAMGO on the amplitude of optically
evoked IPSCs (oIPSCs) in RVM-retrolabeled and unlabeled PAG neurons from intra-CeA and intra-PAG AAV-ChR2-injected animals. In E, **p, 0.01, ****p, 0.0001 (pre vs DAMGO paired t
tests); #p, 0.05, ###p, 0.001 (post hoc Sidak comparisons).
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the effect of DAMGO on optically evoked IPSCs differed
between RVM-retrolabeled versus unlabeled PAG neurons
(F(1,39) = 17.4, p = 0.0002, ANOVA), and between intra-PAG
versus intra-CeA AAV-ChR2-injected animals (F(1,39) = 5.2,
p = 0.029, ANOVA). Post hoc analysis revealed that the
DAMGO-induced inhibition of optically evoked IPSCs was
greater in RVM-retrolabeled PAG neurons compared with
unlabeled neurons in slices from intra-PAG AAV-ChR2-
injected animals (Fig. 4E; p = 0.0003 Sidak’s post hoc compari-
son). By contrast, the DAMGO-induced inhibition of optically
evoked IPSCs was not significantly different between RVM-
retrolabeled and unlabeled neurons in slices from intra-CeA
AAV-ChR2-injected animals (Fig. 4E; p = 0.17 Sidak’s post hoc
comparison). Further while the level of DAMGO-inhibition
in unlabeled neurons differed between intra-PAG and intra-CeA-
injected animals (Fig. 4E; p=0.03, Sidak’s post hoc comparison),
there was no difference in the level of DAMGO-inhibition
between the two inputs in RVM-retrolabeled neurons (Fig. 4E;
p=0.9, Sidak’s post hoc comparison).

We next identified the locus of action of DAMGO by examin-
ing its effect on the paired-pulse ratio of evoked IPSCs, a well
characterised form of presynaptic short-term plasticity (Zucker
and Regehr, 2002). In these recordings, paired optical stimula-
tion at a short interstimulus interval (70ms) led to both paired
pulse inhibition and facilitation for both extrinsic and intrinsic
GABAergic synaptic inputs (Fig. 5A–E). There was no significant
difference in the baseline paired pulse ratio of optically evoked
IPSCs between RVM-retrolabeled and unlabeled neurons from
intra-PAG and intra-CeA AAV-ChR2-injected animals (Fig. 5E,

F(3,39) = 0.16, p=0.92, ANOVA). DAMGO increased the paired-
pulse ratio of optically evoked IPSCs in RVM-retrolabeled
neurons in slices from both intra-CeA and intra-PAG AAV-
ChR2-injected animals (Fig. 5A,C,E, pre vs DAMGO: t(9) = 2.4,
4.8, p=0.041, 0.0007, n=10, 10 for intra-CeA and intra-PAG;
paired t tests). By contrast, DAMGO did not have a significant
effect on the paired-pulse ratio of optically evoked IPSCs in unla-
beled neurons in slices from intra-CeA and intra-PAG AAV-
ChR2-injected animals (Fig. 5B,D,E, pre vs DAMGO: t(10) = 0.7,
0.9, p= 0.52, 0.4, n= 11, 11; paired t tests).

Like optically evoked IPSCs, DAMGO produced a CTAP-
sensitive reduction in the amplitude of electrically evoked IPSCs
in RVM-retrolabeled and unlabeled PAG neurons (Fig. 5A–D,F,
pre vs DAMGO: t(10) = 15, p=5� 10�8 and t(10) = 6.1, p= 1�
10�4, n= 11, 11, paired t tests in intra-CeA AAV-ChR2 animals;
t(7) = 13, p=4� 10�6 and t(9) = 3.5, p= 0.006, n= 8, 10, paired t
tests in intra-PAG AAV-ChR2 animals). Unlike optically evoked
IPSCs, while the DAMGO-induced inhibition of electrically
evoked IPSCs differed between RVM-retrolabeled and unlabeled
PAG neurons (F(1,36) = 15, p=0.0005, two-way ANOVA, main
effect), but there was no difference between intra-CeA and intra-
PAG AAV2-injected animals (F(1,36) = 0.8, p=0.38, two-way
ANOVA, main effect) and no interaction between input and
retrograde labeling (F(1,36) = 0.03, p=0.9. two-way ANOVA, in-
teraction; Fig. 5F). Thus, the DAMGO-induced inhibition of
electrically evoked IPSCs was greater in RVM-retrolabeled PAG
neurons compared with unlabeled neurons in slices from both
intra-PAG and intra-CeA AAV-ChR2-injected animals (Fig. 5F,
p= 0.02, 0.022 Sidak’s post hoc comparisons).

Figure 5. Opioid inhibition of GABAergic inputs onto PAG output neurons is presynaptic. Effect of DAMGO and CTAP on optically and electrically evoked IPSCs (oIPSCs, eIPSCs) in (A, C) RVM-
retrolabeled and (B, D) unlabeled PAG neurons from (A, B) intra-CeA and (C, D) intra-PAG AAV-ChR2-injected animals. In panels A–D, (i) the experiment configuration in animals with an
intra-RVM retrograde tracer injection plus and intra-CeA, or PAG AAV-ChR2 injection; (ii) averaged traces of paired optically evoked IPSCs (blue arrows) normalized to the first IPSC; (iii) and
electrically (black arrows) evoked IPSCs (from the corresponding neurons in Fig. 4A–D). Scatter plots of the effect of DAMGO on (E) the paired-pulse ratio of oIPSCs and (F) the amplitude of
eIPSCs in RVM-retrolabeled and unlabeled PAG neurons from intra-CeA and intra-PAG AAV-ChR2-injected animals. In E, F, *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001 (pre vs
DAMGO, paired t tests). In F, #p, 0.05 (post hoc Sidak comparisons).
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Together, these data indicate intrinsic GABAergic inputs
from putative PAG interneurons, are more sensitive to DAMGO
presynaptic inhibition if they postsynaptically target RVM-pro-
jection neurons. In contrast, extrinsic GABAergic inputs from
the CeA are equally sensitive to DAMGO-inhibition regardless
of their target. This difference in DAMGO sensitivity was not
identified in the electrical stimulation experiments, presumably
because of the nonselective recruitment of extrinsic and intrinsic
inputs.

Cannabinoids selectively inhibit GABAergic inputs from
extrinsic CeA neurons onto RVM-projection neurons in
PAG
We used a similar approach to determine the synapses tar-
geted by cannabinoids within the descending PAG pathway.
Intriguingly, the pan-cannabinoid receptor agonist WIN55212-2
only inhibited oIPSCs in RVM-projecting neurons from animals
that received intra-CeA AAV-ChR2 injections (Fig. 6A–D). Thus,
when the level of WIN55212-2 inhibition at all these synapses
was compared, there were main effects of input (intra-CeA vs
intra-PAG: F(1,35) = 13.0, p = 0.001, two-way ANOVA) and ret-
rolabeling (retrolabeled vs unlabeled: F(1,35) = 7.7, p = 0.009,
two-way ANOVA), plus an interaction between input and ret-
rolabeling (F(1,35) = 12.29, p = 0.001, two-way ANOVA). Post
hoc analysis revealed that WIN55212-2 produced a reduction
in the amplitude of optically evoked IPSCs in RVM-retrola-
beled but not unlabeled neurons in PAG slices from intra-CeA
AAV-ChR2-injected animals (Fig. 6A–B,E, retro vs unlabeled:
p = 0.0002 Sidak’s post hoc comparisons; pre vs WIN55212-2
paired t tests: t(9) = 14, p = 2� 10�7, n = 10 for retrolabeled and
t(8) = 2.0 p=0.081, n=9 for unlabeled). By contrast, WIN55212-2
did not affect optically evoked IPSCs in either RVM-retrolabeled,

or unlabeled PAG neurons in slices from intra-PAG AAV-ChR2-
injected animals (Fig. 6C–E; retro vs unlabeled: p=0.84 Sidak’s
post hoc comparison; pre vs WIN55212-2 paired t tests: t(9) = 2.0,
p=0.075, n=10 for retrolabeled and t(9) = 2.0, p=0.072, n=10 for
unlabeled). Addition of the CB1-cannabinoid receptor antagonist
AM251 reversed the WIN55212-2 induced inhibition of optically
evoked IPSCs in all RVM-retrolabeled neurons from intra-CeA
AAV-ChR2-injected animals (Fig. 6A). Addition of AM251 had
no effect on optically evoked IPSCs at the other synapses where
WIN55212-2 was without effect (Fig. 6B–D).

As observed in the DAMGO experiments, there was no sig-
nificant difference in the baseline paired pulse ratio of optically
evoked IPSCs between RVM-retrolabeled and unlabeled neurons
from intra-PAG and intra-CeA AAV-ChR2-injected animals
(Fig. 7E, F(3,33) = 1.1, p=0.37, ANOVA). TheWIN55212-2 induced
inhibition of optically evoked IPSCs in RVM-retrolabeled neurons
from intra-CeA AAV-ChR2-injected animals was associated with
an increase in paired-pulse ratio (Fig. 7A,E, pre vs WIN55212-2:
t(9) =4.9, p=0.0008, n=8, paired t test). WIN55212-2 did not have
a significant effect on the paired-pulse ratio of optically evoked
IPSCs in unlabeled neurons from intra-CeA AAV-ChR2-injected
animals (Fig. 7B,E, pre vs WIN55212-2: t(8) = 0.4, p=0.96, n=9,
paired t test), or in RVM-retrolabeled and unlabeled neurons
from intra-PAG AAV-ChR2-injected animals (Fig. 7C–E, pre vs
WIN55212-2: t(9) = 0.1, 0.7, p=0.93, 0.48, n=10, 10; paired t
tests). Thus, WIN55212-2 acts via presynaptic CB1 receptors to
selectively target extrinsic GABAergic inputs from the CeA onto
RVM-projection PAG neurons.

The effect of WIN55212-2 on electrically evoked IPSCs dif-
fered between RVM-retrolabeled and unlabeled PAG neurons,
but not between animals which received an intra-PAG versus an
intra-CeA injection of AAV-ChR2 (Fig. 7F, F(1,35) = 4.7, 0.41,

Figure 6. Cannabinoids selectively suppress extrinsic GABAergic inputs from CeA onto RVM-projection neurons in PAG. Effect of WIN55212-2 (WIN), AM251, and gabazine (GBZ) on optically
evoked IPSCs (oIPSCs) in (A, C) RVM-retrolabeled and (B, D) unlabeled PAG neurons from (A, B) intra-CeA and (C, D) intra-PAG AAV-ChR2-injected animals. In panels A–D, (i) the experiment
configuration in animals with an intra-RVM retrograde tracer injection plus an intra-CeA, or intra-PAG AAV-ChR2 injection, (ii) time plots of the normalized amplitude of evoked IPSCs (oIPSCs)
from individual neurons, and (iii) averaged traces of paired optically evoked PSCs (blue arrows) from the same neuron. E, Scatter plots of the effect of WIN55212-2 on the amplitude of optically
evoked IPSCs (oIPSCs) in RVM-retrolabeled and unlabeled PAG neurons from intra-CeA and intra-PAG AAV-ChR2-injected animals. In E, ****p, 0.0001 (pre vs WIN55212-2 paired t tests);
###p, 0.001, ####p, 0.0001 (post hoc Sidak comparisons).
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p=0.038, 0.52 two-way ANOVA main effects). WIN55212-2
inhibited electrically evoked IPSCs in RVM-retrolabeled, but not
unlabeled PAG neurons from intra-CeA AAV-ChR2-injected
animals (Fig. 7A–B,F, pre vs WIN55212-2: t(9) = 6.6, p=0.0001,
t(8) = 2.0, p=0.081, n=10, 9, paired t tests for retrolabeled and
unlabeled) and from intra-PAG AAV-ChR2-injected animals
(Fig. 7C,D,F, pre vs WIN55212-2: t(9) = 4.4, p= 0.002, t(9) = 2.0,
p=0.072, n=10, 10, paired t tests for retrolabeled and unla-
beled). Addition of the cannabinoid CB1 receptor antagonist
AM251 reversed the WIN55212-2 induced inhibition of electri-
cally evoked IPSCs in RVM-retrolabeled neurons, but had no
effect in the WIN55212-2 insensitive unlabeled PAG neurons
(Fig. 7A–Diii).

Discussion
The present study has demonstrated that within the midbrain
PAG there is a complex integration of extrinsic and local
GABAergic inputs onto output neurons which project along
the descending analgesic pathway. It was observed that extrin-
sic CeA and local GABAergic inputs directly target both
RVM-projection neurons and nonprojection neurons within
the PAG. While local intrinsic GABAergic inputs targeted all
PAG neurons indiscriminately, GABAergic inputs originating
from the CeA preferentially innervated RVM-projection neu-
rons. Further, these GABAergic synapses displayed differen-
tial sensitivity to opioids and cannabinoids. Opioids globally
inhibited GABAergic synapses within the PAG, regardless of
their source, although they had a greater impact on neurons

projecting to the RVM. By contrast, cannabinoids exclusively
controlled descending extrinsic GABAergic inputs from the
CeA onto RVM-projection neurons. These findings suggest
that the CeA controls RVM-projecting PAG neurons via a
direct inhibitory pathway and a parallel indirect disinhibitory
interneuron pathway. Unlike opioids, cannabinoids selectively
target the direct inhibitory pathway, thereby acting as a disin-
hibitory gate for PAG descending outputs.

Intrinsic and extrinsic GABAergic inputs provide
monosynaptic and disynaptic control of PAG output
neurons
In the present study, optically evoked synaptic currents were
observed in PAG neurons from animals which received an
injection of AAV-ChR2 into the CeA, or the PAG under neuro-
nal promoters. These optically evoked synaptic currents were
abolished by GABAA, but not non-NMDA receptor antago-
nists, and were abolished and reinstated by TTX and 4AP, as
observed previously (Michael et al., 2020). These observa-
tions indicate that PAG neurons receive monosynaptic
intrinsic and extrinsic inputs from the CeA which are both pri-
marily GABAergic, as observed previously (Michael et al., 2020).
This is also consistent with recent optogenetic studies which have
described extrinsic and intrinsic GABAgeric synaptic inputs using
virally targeted delivery of ChR2 to GABAergic neurons (Tovote
et al., 2016; Avegno et al., 2018; Yin et al., 2020). Unlike optically
evoked synaptic currents, those induced by electrical stimulation
contained both GABAA and non-NMDA receptor-mediated com-
ponents, as observed previously (Vaughan and Christie, 1997). It

Figure 7. Cannabinoid inhibition of extrinsic GABAergic inputs onto PAG output neurons is presynaptic. Effect of WIN55212-2 (WIN) and AM251 on optically and electrically evoked IPSCs
(oIPSCs, eIPSCs) in (A, C) RVM-retrolabeled and (B, D) unlabeled PAG neurons from (A, B) intra-CeA and (C, D) intra-PAG AAV-ChR2-injected animals. In panels A–D, (i) experiment configura-
tion in animals with an intra-RVM retrograde tracer injection plus and intra-CeA, or PAG AAV-ChR2 injection, (ii) averaged traces of paired optically evoked IPSCs (blue arrows) normalized to
the first IPSC, (iii) and electrically (black arrows) evoked IPSCs (from the corresponding neurons in Fig. 6A–D). Scatter plots of the effect of WIN55212-2 on (E) the paired-pulse ratio of oIPSCs
and (F) the amplitude of eIPSCs in RVM-retrolabeled and unlabeled PAG neurons from intra-CeA and intra-PAG AAV-ChR2-injected animals. In E, F, **p, 0.01, ****p, 0.001 (pre vs
WIN55212-2, paired t tests).
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is likely that the glutamatergic synaptic
inputs onto PAG neurons are derived
from extrinsic sources such as the pre-
frontal cortex, parabrachial nucleus, and
spinal cord (Chen et al., 2017; Huang et
al., 2019; Phelps et al., 2021).

The nature of CeA-PAG GABAergic
circuitry detected in the present study
was more complex than that described
in prior optogenetic studies (Fig. 8A,B).
The observation that PAG neurons that
project to the RVM received a direct
intrinsic GABAergic input is consistent
with local inhibition of descending anal-
gesic pathways, as proposed by Fields
and Basbaum (1978). The observation
that intrinsic PAG nonprojection neurons,
which were likely to be GABAergic inter-
neurons, received extrinsic GABAergic
inputs from the CeA is similar to that
reported in recent optogenetic studies
(Tovote et al., 2016; Yin et al., 2020).
Together, these findings are consistent
with the idea that GABAergic CeA out-
put neurons indirectly activate PAG
output neurons via intrinsic GABAergic
interneurons (Fig. 8A). Unlike recent
optogenetic studies, a direct monosy-
naptic GABAergic input from CeA neu-
rons onto RVM-projecting PAG output
neurons was also detected in the present study (Fig. 8B; Tovote
et al., 2016; Michael et al., 2020; Yin et al., 2020). Interestingly,
we found that RVM-projecting PAG neurons received a higher
proportion of GABAergic CeA inputs than unlabeled nonpro-
jection PAG neurons. The lack of identification of a direct
monosynaptic pathway in prior optogenetic studies may have
been because of methodological and/or species differences
(Tovote et al., 2016; Michael et al., 2020; Yin et al., 2020).
Thus, while prior cre-lox mouse studies identified PAG neu-
rons by their GABAergic versus glutamatergic phenotype, the
present rat study identified PAG neurons by projection target.
Alternatively, it is possible that tonic endocannabinoid silenc-
ing may have limited detection of the direct pathway in prior
studies (see below), as observed at some central synapses
(Winters and Vaughan, 2021). Overall, the present findings
suggest that the CeA has the potential to control RVM-pro-
jection PAG neurons via parallel monosynaptic inhibitory
and disynaptic disinhibitory pathways (Fig. 8B). While the
phenotype of PAG output neurons was not examined in the
present study, it might be noted that the RVM receives both
glutamatergic and GABAergic inputs from the PAG, which is
suggestive of even complexity in the downstream components of
this pathway (Reichling and Basbaum, 1990b; Morgan et al.,
2008).

Differing global opioid and selective cannabinoid control of
RVM-projection PAG output neurons in terms of their
inputs and outputs
In the present study, the opioid and cannabinoid agonists, DAMGO
and WIN55212-2, produced a suppression of optically evoked
IPSCs in subpopulations of PAG neurons which was associated
with an increase in their paired pulse ratio. The actions of
DAMGO and WIN55212-2 were reversed by addition of CTAP

and AM251, respectively. These observations are consistent with
presynaptic m-opioid and cannabinoid CB1 receptor-mediated
inhibition of GABA release, as demonstrated in prior PAG elec-
trical stimulation studies (Chieng and Christie, 1994; Vaughan
and Christie, 1997; Vaughan et al., 1997, 2000, 2003; Chiou and
Huang, 1999; Drew et al., 2008, 2009; Liao et al., 2011).

Opioids and cannabinoids, however, acted on distinct synap-
ses within the PAG descending pathway. While opioids inhibited
GABAergic synaptic transmission at all synapses, this inhibition
was greater in RVM-projection neurons than nonprojection
neurons, as demonstrated in a recent electrical stimulation
study (Lau et al., 2020). However, this opioid presynaptic inhibi-
tion did not differ between intrinsic and extrinsic CeA inputs, in
RVM-projection and nonprojection neurons. These observations
are consistent with the intrinsic presynaptic disinhibition hy-
pothesis of opioid induced analgesia and extends this to include
disinhibition of extrinsic amygdala GABAergic inputs to the
PAG (Fields and Basbaum, 1978; Lau and Vaughan, 2014). By
contrast, cannabinoid presynaptic inhibition varied not only
between RVM-projection and nonprojection PAG neurons,
but also between intrinsic and extrinsic GABAergic inputs.
Thus, cannabinoids inhibited extrinsic CeA GABAergic in-
puts onto RVM-projection neurons but not nonprojection
neurons. Furthermore, cannabinoids had no effect on intrin-
sic GABAergic inputs onto RVM-projection and nonprojec-
tion neurons. These findings indicate that, unlike opioids,
cannabinoids produce disinhibition within the CeA-PAG-
RVM pathway by acting exclusively on extrinsic descending
inputs onto RVM-projection neurons.

Implications for the analgesic properties of CeA-PAG
descending inputs
A key question arising from these findings is “what is the pri-
mary function of CeA inputs to RVM-projecting PAG neurons

Figure 8. Models of GABAergic disinhibitory analgesic circuitry within the midbrain PAG. A, Prior optogenetic studies have
identified an indirect disynaptic GABAergic pathway from the CeA to PAG output neurons. In this model, activation of CeA
GABAergic output neurons inhibits tonically active PAG GABAergic interneurons, thereby disinhibiting, or activating PAG output
neurons (CeA Stim in A). B, The current study has identified an additional parallel direct monosynaptic GABAergic pathway
from the CeA onto PAG output neurons. In this model, activation of CeA GABAergic output neurons would inhibit PAG output
neurons via the direct monosynaptic pathway. Thus, activation of CeA GABAergic output neurons would produce lesser activa-
tion of PAG output neurons because this direct inhibition would oppose the indirect disinhibition (CeA Stim in B vs A). The cur-
rent study indicates that opioids disinhibit, and thereby activate PAG output neurons by inhibiting both their intrinsic and
extrinsic-CeA GABAergic inputs; cannabinoids would produce less activation of PAG output neurons because they only act on ex-
trinsic-CeA GABAergic inputs (OP, CB via m and CB1 receptors in B). Furthermore, cannabinoids would facilitate CeA-induced
activation of PAG output neurons via the indirect disynaptic disinhibitory pathway because they selectively silence the direct in-
hibitory pathway (CB1 CeA Stim in B).
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and how do opioids and cannabinoids modulate this pathway?”
As mentioned above, recent optogenetic and chemogenetic cir-
cuit mapping strategies have identified an indirect disynaptic
GABAergic pathway from the CeA to PAG glutamatergic/RVM-
projection neurons (Fig. 8A; Tovote et al., 2016; Yin et al., 2020).
Activation of this indirect CeA descending GABAergic pathway
would inhibit GABAergic interneurons, and thereby disinhibit
or activate PAG output projection neurons (Fig. 8A, CeA Stim).
This is consistent with both early studies and more recent find-
ings suggesting activation of the CeA is involved in various func-
tions such as analgesia, freezing and vocalisation, which require
activation of PAG output neurons (Manning and Mayer, 1995;
Oliveira and Prado, 2001; Tovote et al., 2016; Yin et al., 2020).
Intriguingly, however, we also identified a prominent direct
monosynaptic pathway from the CeA to PAG RVM-projection
neurons (Fig. 8B). Activation of this direct CeA descending path-
way would inhibit PAG RVM-projection neurons and conse-
quently reduce the excitatory disynaptic disinhibition of RVM-
projection neurons via the indirect pathway (Fig. 8B, CeA Stim).
We propose that selective cannabinoid silencing of the direct
GABAergic pathway would facilitate CeA-induced activation of
RVM-projecting PAG neurons via the indirect disynaptic path-
way (Fig. 8B, CB1CeA Stim). Therefore, these parallel monosy-
naptic and disynaptic GABAergic pathways within the PAG
provide a flexible system which can potentially activate or inhibit
the descending PAG-RVM analgesic pathway, depending on the
prevailing state of these GABAergic synapses. This complex
modulatory system provides a basis for the distinct roles of can-
nabinoids and opioids in stress-induced analgesia within the
CeA-PAG-RVM descending pathway (Akil et al., 1976; Lewis et
al., 1980; Valverde et al., 2000; Hohmann et al., 2005; Atwal et
al., 2020; Yin et al., 2020).

In conclusion, it has long been thought that opioids activate
descending analgesic systems from the midbrain PAG by reliev-
ing intrinsic GABAergic inhibition of PAG output neurons. The
present study has expanded this by demonstrating that opioids
nonselectively disinhibit PAG output neurons and interneurons
by acting on both intrinsic and extrinsic GABAergic inputs.
Unlike opioids, cannabinoids selectively disinhibited PAG
output neurons by targeting extrinsic GABAergic inputs from
the amygdala. Thus, while opioids have a widespread role in con-
trolling GABAergic activity within the amygdala-PAG-RVM
descending pathway, cannabinoids exclusively target direct
GABAergic amygdala inputs onto RVM-projecting PAG neu-
rons. This suggests that cannabinoid and opioid systems will
have distinct functional actions, as has been observed for stress-
induced analgesia from within this brain region.
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