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The rostromedial tegmental nucleus: a key
modulator of pain and opioid analgesia
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Abstract
A recently defined structure, the rostromedial tegmental nucleus (RMTg; aka tail of the ventral tegmental area [VTA]), has been
proposed as an inhibitory control center for dopaminergic activity of the VTA. This region is composed of GABAergic cells that send
afferent projections to the ventral midbrain and synapse onto dopaminergic cells in the VTA and substantia nigra. These cells exhibit
m-opioid receptor immunoreactivity, and in vivo, ex vivo, and optogenetic/electrophysiological approaches demonstrate that
morphine excites dopamine neurons by targeting receptors on GABAergic neurons localized in the RMTg. This suggests that the
RMTgmay be a keymodulator of opioid effects and amajor brake regulating VTAdopamine systems. However, no study has directly
manipulated RMTgGABAergic neurons in vivo and assessed the effect on nociception or opioid analgesia. In this study,multiplexing
of GABAergic neurons in the RMTg was achieved using stimulatory Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs) and inhibitory kappa-opioid receptor DREADDs (KORD). Our data show that locally infused RMTgmorphine or selective
RMTg GABAergic neuron inhibition produces 87% of the maximal antinociceptive effect of systemic morphine, and RMTg
GABAergic neuronsmodulate dopamine release in the nucleus accumbens. In addition, chemoactivation of VTA dopamine neurons
significantly reduced pain behaviors both in resting and facilitated pain states and reduced by 75% the dose of systemic morphine
required to produce maximal antinociception. These results provide compelling evidence that RMTg GABAergic neurons are
involved in processing of nociceptive information and are important mediators of opioid analgesia.
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1. Introduction

Despite years of study, the mechanisms responsible for the
rewarding and analgesic effects of opioids are incompletely
understood, as current knowledge has been insufficient to enable
development of potent analgesics that lack the rewarding effects
of opioids. Currently, it is known that dopamine neurons in the
ventral tegmental area (VTA) contribute to both the analgesic and
rewarding properties of opioids, but it is not known whether one
property can be separated from the other.10,26,44

A recently defined structure, the rostromedial tegmental
nucleus (RMTg; aka tail of the VTA), has been proposed as an

inhibitory control center for dopaminergic activity of the VTA.2,4

This region is composed of GABAergic cells that send afferent
projections to the ventral midbrain and synapse onto dopami-
nergic cells in the VTA and substantia nigra.9,15,19,33 These cells

uniquely exhibit dense m-opioid receptor immunoreactivity,16

suggesting they play an important role in opioid function.
The VTA contains a mixture of cell types, including dopami-

nergic (;65%), GABAergic (;30%), and glutamatergic (;5%)

neurons that project to the amygdala, prefrontal cortex, and
nucleus accumbens (NAc).8 For many years, binding to and

inhibition of GABAergic interneurons in the VTAwas the accepted

mechanism by which opioids induced dopamine release from the

VTA, owing to the observation that opioids excite dopamine
neurons in vitro by hyperpolarization of local GABAergic

interneurons.18 However, a recent study demonstrated that

injection of nanomolar quantities of m-opioid receptor agonists

had no effect when injected into the VTA but produced analgesia
when injected into the RMTg,17 suggesting that the RMTgmay be

a more potent modulator of opioid effects on VTA function.
Multiple recent electrophysiological studies demonstrate that

morphine excites dopamine neurons by targeting receptors on
GABAergic neurons localized in the RMTg.14,23,24,27 However,

much less is known about the behavioral effects of these findings.

No study has yet directlymanipulatedRMTgGABAergic neurons in

vivo and assessed the effect on nociception or opioid analgesia.
We hypothesized that the RMTg is a key center for opioid-

mediated antinociception and tested this hypothesis by compar-
ing the analgesic effects of systemic morphine with local RMTg
administration. We then used a chemogenetic approach to
directly and selectively manipulate GABA neurons of the RMTg to
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assess the analgesic potential of these neurons in the context of
persistent inflammatory pain. Fast-scan cyclic voltammetry (FSCV)
was then used in freely behaving mice to demonstrate that RMTg
GABA neurons can modulate dopamine levels in the NAc, and
finally, that direct VTAdopamine neuron activation could recapitulate
the antinociceptive effects seen with selective RMTg GABA neuron
inhibition.

2. Methods

This article adheres to the applicable ARRIVE guidelines.

2.1. Animal care

All animal procedures were reviewed and approved by the
Massachusetts General Hospital Institutional Animal Care and Use
Committee. Adult male vGat-ires-Cre mice (Jackson Laboratory,
stock number 016962) and DAT-cre mice (Jackson Laboratory,
stock number 006660) were used for all experiments. Mice were
kept on a 12:12-hour light–dark cycle (lights on at 7 AM and lights off
at 7 PM) with ad libitum access to food and water. Mice had
aminimumof 3weeks to recover after surgery, and at least 3 days of
rest were provided after each experiment.

2.2. Surgery

All mice were anesthetized with 2% isoflurane and placed in
a stereotaxic frame (David Kopf Instruments, Tujunga, CA). An
incision was made in the skin, and craniotomies were made above
the target region. vGat-cre mice received bilateral viral injections
using amotorized stereotaxic injector (Stoelting,WoodDale,Wood
Dale, IL) targeting the RMTg (23.9 mm anterior/posterior,
60.4 mm lateral, and 24.8 mm dorsal/ventral to the bregma),
with 200 nL of a mixture of adeno-associated viruses (AAVs)
containing both the AAV8-hSyn-DIO-hM3D(Gq)-mCherry (excit-
atory, hM3) and AAV8-hSyn-DIO-HA-KORD-mCitrine (inhibitory,
KORD) vectors. Control animals were prepared with a virus
containing only a fluorescent tag without a receptor (AAV8-hSyn-
DIO-mCherry; UNC vector core, Chapel Hill, NC). Dat-cre mice
received bilateral injections with the same virus combinations
targeting the VTA (23.4 mm anterior/posterior, 60.5 mm lateral,
and 24.4 mm dorsal/ventral to the bregma). The mice were then
allowed to recover for 3 weeks to allow for optimal viral expression.

On completion of all behavioral studies, 3 of the Designer
Receptors Exclusively Activated by Designer Drugs (DREADD)/
KORD vGat-cre mice were implanted with carbon fiber electrodes
for themeasurement of dopamine transients in theNAc.Briefly,mice
were anesthetized with 2% isoflurane and placed in a stereotaxic
frame. In the first group of mice, a craniotomywas performed above
the NAc (Anterior/posterior, 11.0 mm; medial/lateral, 61.0 mm),
and an Ag/AgCl reference electrode were implanted in the
contralateral forebrain. A carbon fiber electrode (;100mm in length)
was then lowered into the NAc (dorsal/ventral, 24.0 mm) in 0.25-
mm intervals for voltammetric recordings.

A separategroupofmicewas implantedwith bilateral infusion cannula
targetedto theRMTg(23.9mmA/P,60.4mmlateral,and24.8mmD/V
to the bregma). To achieve this, the cannulae were implanted at 15˚
angles, with entry at the skull at23.9 mm A/P,61.5 mm lateral.

2.3. Chemogenetic manipulation

Mice were habituated to the pain behavior assessment chambers
starting 2 weeks after viral injections. At 3 weeks after injection,
baseline measurements were obtained by measuring paw

withdrawal latencies in 5-minute intervals over 20 minutes. The
mice were then randomized to receive intraperitoneal (i.p.)
injections of saline, clozapine-N-oxide (CNO, 1 mg/kg; C0832-
Sigma-Aldrich, Milwaukee, MI), or salvinorin-B (SB, 0.5 mL @ 15
mg/kg dissolved in 100% DMSO, 75250 Sigma-Aldrich) in
a blinded fashion. The mice were then placed back within their
individual Plexiglas compartments for 30 minutes before begin-
ning the behavioral assessment. Duplicate paw withdrawal
latencies were collected 5 minutes apart. In experiments testing
for effects on morphine analgesia, morphine was then adminis-
tered i.p., followed 15 minutes later by duplicate paw withdrawal
latencies, followed immediately by the next dose of morphine.
This procedure was repeated until the last dose of morphine was
administered. Doses were assumed to be cumulative.

2.4. Inflammatory pain model

To induce a model of persistent inflammatory arthritic pain,
a group of DREADD/KORD-prepared vGat-cre mice along with
controls was prepared by injecting the left hind ankle of each
mouse with complete Freund’s adjuvant (CFA, 25 mL of
a 20mg/mL solution, C1013—Sigma-Aldrich dissolved in normal
saline) as previously described.13 Interarticular injection of CFA
sensitizes the animal to a thermal stimulation, an effect that lasts
for about 4weeks in the doses administered. Twoweeks after the
CFA injection, paw withdrawal latencies were tested in the
inflamed paw and the contralateral uninflamed paw to establish
the presence of CFA-induced inflammatory pain. Both vGat-cre
mice andDAT-cremicewere treatedwith either CNO (1mg/kg) or
SB (15 mg/kg) in a blinded fashion, followed 30 minutes later by
treatment with morphine. Seven days later, the procedure was
repeated, with each animal receiving the drug that was not
administered the week before. Seven days after that, animals
were tested for conditioned place preference (CPP). After these
studies, 3 DREADD/KORD mice were used for FSCV, 2 animals
were used for slice electrophysiology, and the remaining brains
were harvested for histologic testing.

2.5. Pain behavioral testing

To evaluate nociception, thermal withdrawal latencies were
assayed as previously described.36 The Hargreaves test was
performed to evaluate heat sensitivity thresholds, measuring
latency of withdrawal to a radiant heat source (IITC Life Science,
Model 390). We applied the radiant heat source to both the hind
paws sequentially and measured the latency to evoke a with-
drawal. Two to five replicates were acquired per hind paw per
mouse, and values for both paws were averaged.

2.6. Conditioned place preference

We used a modification of standard CPP protocols.25,28 In brief,
animals were habituated to the CPP apparatus for 1 day,
underwent pretesting to assess for any preference, then
conditioning trials were conducted daily for the next 6 days. On
each of these days, mice underwent SB and vehicle pairing in
separate sessions. The following day, CPP was assessed by
placingmice in a central chamber and thenmeasuring time spent
in the SB-paired and vehicle-paired chamber.

2.7. Locomotion testing

After thermal nociception testing, mice were individually placed
into the center of an open-field test environment of clear acrylic
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plastic (403 403 40 cm). Their movements were recorded for 5
minutes using a USB camera and video-tracking system (Any-
Maze; Stoetling Co).

A rotating rod apparatus (Columbus Instruments, Columbus,
OH) was also used to assess motor performance as described
previously.35 Mice were placed on the elevated accelerating rod
beginning at 1 rpm/minute for 2 trials. Each trial lasted 3 minutes,
during which time the rotating rod underwent a linear acceleration
from 1 to 40 rpm. Animals were scored for their latency (in
seconds) to fall in each trial, and the average of 2 trials is reported.
Animals rested a minimum of 10 minutes between trials to avoid
fatigue.

2.8. Fast-scan cyclic voltammetry

Fast-scan cyclic voltammetry experiments were conducted using
a previously described method.42 Before implantation, the
carbon fiber electrodes were calibrated in vitro with known
concentrations of dopamine (0.2, 0.5, and 1.0 mM). After
implantation, baseline voltammetric measurements were taken
by applying a triangle waveform (20.4 to 11.1 to 20.4 V vs
Ag/AgCl, at 400 V/second) to the carbon fiber electrode every
100 ms. Data were digitized and recorded in a PC using
Pinnacle’s FSCV software in its extended continuous mode. This
software was also used to apply the triangle waveform,
background subtract voltammograms, and generate voltammo-
gram heatmaps, single-sweep voltammograms, and quantitative
dopamine graphs. Heat maps in this software are plotted by time
vs a voltage index, rather than the voltage sweep (20.4 to 1.1 to
20.4 V), as is most commonly depicted in the literature. A
dopamine transient was defined as a change in current equivalent
to a 30-nM change in dopamine concentration in voltammetric
signals, displaying an oxidation peak at10.65 V and a reduction
peak at20.2 V as well as the characteristic cyclic voltammogram
(CV) shape.

Chemical identification of signals was performed by examining
background-subtracted CVs. The subtraction process yields
changes in concentration that cannot be used to establish
absolute levels.34 To isolate dopamine transients, a “sliding
background” subtraction was initially used. In this approach,
each CV in a 2-minute file was subtracted from the average of the
5 CVs collected 1.0 to 0.5 seconds earlier, and the resulting CV
compared with a calibration CV. In addition, a Principal Compo-
nent Regression method was used to remove electrode drift and
quantitatively separate dopamine transients from noise, as
described previously.20 Only voltammograms with an r2 . 0.30
were considered dopamine; the remainder of the signal was
considered noise.

Mice were habituated for 30 minutes before the 25 minutes of
baseline recording in freely behaving mice. The vGat-cre mice
were then administered D-amphetamine (3 mg/kg) i.p., and
FSCV data were collected for an additional 55 minutes to test the
effectiveness of the probes. Mice that showed an increase in NAc
dopamine release were subsequently tested in 3-day intervals
with either CNO (1 mg/kg) or SB (15 mg/kg) in a random, blinded
fashion. On completion of the experiments, DREADD/KORD
expression and fiber tip location were verified histologically.

2.9. Immunohistochemistry

After all experiments were completed, viral expression and
localization was verified through histological analysis. Dat-cre
animals were perfused with phosphate-buffered saline followed
by neutral buffered formalin. The brains were postfixed in formalin

overnight and then sliced at 50 mm using a Leica VT1200 S
vibratome (Leica Microsystems Inc, Buffalo Grove, IL). Specific
expression of DREADDs in DA neurons was confirmed by
colocalization of mCherry (from AAV expression) with immuno-
histochemical staining for tyrosine hydroxylase, a marker of
dopamine neurons (mouse anti-TH, 1:1000 dilution, Millipore Cat
#MAB318, Temecula, CA) using the secondary antibody of goat
anti-mouse conjugated to Alexa 488 (1:200 dilution, catalog no.
A-11001; Invitrogen, Waltham, MA). Cells were counterstained
with 49,6-diamidino-2-phenylindole (DAPI, catalog no. H-1200
Vectashield) for nuclear visualization. Images were taken with
a Zeiss Axio M2 microscope (Zeiss, Oberkochen, Germany).
Confirmation of viral expression in the correct brain region was
performed by comparing images with a Mouse Brain Atlas.32 On
histologic verification, it was discovered that the KORD virus did
not express in DAT-cre mice. Therefore, no behavior data were
presented in DAT-cre mice receiving SB. Identification of vGat
protein in vGat-cre mice was also initially attempted using
immunohistochemistry. However, we could not find an antibody
that could clearly demonstrate colocalization. We therefore
elected to perform fluorescence in situ hybridization (FISH) on
histologic samples from vGat-cre mice to show viral expression in
vGat-containing neurons.

2.10. Fluorescence in situ hybridization

Brains from 2 mice were swiftly harvested and immediately flash
frozen in a beaker filled with a bilayer of 1-methylbutane and 1-
bromobutane on dried iced and subsequently stored at 280˚C.
The brains were sectioned on a cryostat and mounted on
Superfrost Plus Gold slides (253 75mm; Erie Scientific, Ramsey,
MN). One hour before sectioning, brains and slides were
equilibrated to 220˚C in the cryostat. The specified brains were
serially sectioned coronally at 14 mm and mounted onto slides
through the warmth of the hand. The mounted specimens were
dried for 1 hour inside the cryostat and then stored at 280˚C.

Double-label fluorescence in situ hybridization was performed
using RNAScope Manual Fluorescent Multiplex Kit User Manual
specified for Fresh Frozen Tissue (Advanced Cell Diagnostics).
Slides were fixed in 4% paraformaldehyde at 4˚C, serially
dehydrated, washed twice in phosphate-buffered saline pH
7.38, and pretreated with protease IV solution for 15 minutes.
Specimens were then incubated with target probes for mouse
vglut2 (slc17a6 target region 1986-2998, catalog no. 319171,
Advanced Cell Diagnostics) and mCherry (mcherry target region
23-681, catalog no. 431201-C2, Advanced Cell Diagnostics).
Next, the slides underwent 4 serial amplification incubations, the
last of which contained fluorescent probes (Alexa 488 and Atto
550 catalog no. 320850 Advanced Cell Diagnostics Part of
Florescent Multiplex Kit) individually targeted to the slc17a6 and
mCherry probes. Finally, the slides were mounted with ProLong
Diamond Antifade Mountant with DAPI (catalog no. P36962,
Invitrogen). Images were taken with a Zeiss Imager M2
microscope (Zeiss).

2.11. Statistical analysis

GraphPad Prism was used to perform all graphical and statistical
analyses. The number of mice used for each group (n) is reported
both in the text and in the figure legends. All paw withdrawal
latency values are reported and graphically depicted as mean
values with 95% confidence intervals (CIs), whereas the differ-
ences in the time spent in the drug-paired chamber before and
after conditioning in the CPP experiment are graphically depicted
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as medians with 95% CIs. Data were first tested for normality
using a Shapiro–Wilk test. Parametric experimental and control
data were then analyzed using a 2-way ANOVA to test for
significance. Differences were deemed to be significant with P
values, 0.05. Nonparametric data were then analyzed using the
Friedman test for one-way repeated-measures analysis of
variance by ranks, with P , 0.05 deemed to be significant.
Subsequently, multiple t tests were conducted using a Holm–
Sidak method to correct for the multiple comparisons, with alpha
5 0.05.

For the FSCV experiment, data were analyzed in 20-second
segments to determine the presence or absence of dopamine
transients. The frequency of dopamine transients was then
graphically reported as the rate of dopamine transients per
minute. Differences from baseline were tested for significance by
averaging the first 20 minutes of baseline data, and comparing
this average with the postinjection mean obtained by averaging
the data between minutes 40 and 60. Data were first tested for

normality using a Shapiro–Wilk test. The nonparametric data
were then analyzed using the Friedman test for one-way
repeated-measures analysis of variance by ranks, with P ,
0.05 deemed to be significant.

3. Results

DREADD-mediated selective inhibition and activation of RMTg
GABAergic neurons was used to investigate whether these cells
have a role in nociception and analgesia. Adult male mice
expressing Cre recombinase in GABAergic cells carrying the
vesicular GABA transporter (vGat-ires-Cre) underwent bilateral
RMTg injection of an AAV carrying both the inhibitory Gi-coupled
SB-activated KORD and the stimulatory, Gq-coupled, CNO-
activated hM3Dq receptor (DREADD/KORD, n5 8). Control mice
were similarly prepared but differed in that the RMTgwas injected
with a viral construct lacking any G-protein-coupled receptors
(control, n5 5) (Figs. 1A and B). Expression was restricted to cell

Figure 1. Validation studies demonstrate localization and functionality of RMTg-targeted hM3 DREADDs and KORD. (A) Summary of cre-dependent viral
constructs delivered to the RMTg. (B) Orientation and proximity of the RMTg in relation to the VTA. (C) AAV-hsyn-DIO-hM3D(Gq)-mCherry expression in the RMTg
of a representative vGat-cremouse (see also Fig. S1, available online as supplemental digital content at http://links.lww.com/PAIN/A842). (D) RMTg target location
on themouse atlas (23.9mmanterior/posterior,60.4mm lateral, and24.8mmdorsal/ventral to the bregma). (E) Fluorescence in situ hybridization (FISH) staining
of the vesicular GABA transporter (vGat) in RMTg neuronal cell bodies in a representative mouse. (F) hM3D-mCherry expression in the same region as (E). (G) HA
tag (KORD) expression in the same region as (E). (H) Overlayed image of (E, F, and G) showing colocalization of hM3D and KORD expression in vGat-expressing
neurons of the RMTg; scale bar, 50 mm. (I) 916 6% of red-labelled hM3D1 transcripts in the RMTg colocalized with white, Cy5-labeled neurons expressing vGat
RNA, and 836 8% of white Cy5-labelled vGat-cre–expressing neurons colocalized with red, mCherry-labelled hM3D1 transcripts. (J) 906 9% of green-labelled
KORD1 transcripts in the RMTg colocalized with white, Cy5-labeled neurons expressing vGat RNA, and 52 6 13% of white Cy5-labelled vGat-cre–expressing
neurons colocalized with green-labelled KORD1 transcripts. RMTg, rostromedial tegmental nucleus; VTA, ventral tegmental area.
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bodies in the RMTg, as shown in Figures 1C and D, with
additional axonal staining of known RMTg projections in the
medial tegmentum, pedunculopontine and laterodorsal tegmen-
tal nuclei, dorsal raphe, locus coeruleus, and subcoeruleus.16

The extent and location of the viral expression in all animals is
summarized in Figure S1 (available online as supplemental digital
content at http://links.lww.com/PAIN/A842). Fluorescence in situ
hybridization demonstrated robust DREADD and KORD expres-
sion in the RMTg (Figs. 1E–G) that colocalized with neurons
expressing vGat RNA (Fig. 1H). We observed 91 6 6% of red-
labelled, RMTg hM31 transcripts colocalized with white, Cy5-
labeled neurons expressing vGat RNA, and 83 6 8% of white
Cy5-labelled vGat-cre–expressing neurons colocalized with red,
mCherry-labelled hM3D1 transcripts (Fig. 1I). 906 9% of green-
labelled, RMTg, KORD1 transcripts colocalized with white, Cy5-
labeled neurons expressing vGat RNA, and 52 6 13% of white
Cy5-labelled vGat-cre–expressing neurons colocalized with
green-labelled KORD1 transcripts (Fig. 1J). Based on this
histologic examination, no animals were excluded in the
behavioral analysis.

Baseline nociceptive and morphine analgesic responses were
measured using the Hargreaves method, a well-studied, quan-
titative test that uses time to foot withdrawal from mild radiant
heat (“withdrawal latency”) as a measure of thermal nocicep-
tion.13 We first tested the effects of systemic morphine
administration, and as expected, there was a morphine dose–
response effect on thermal withdrawal latency (Fig. 2A), with
maximal withdrawal latency of DREADD/KORD mice of 19.6
seconds (95% CI 18.1-21.2 seconds) and no difference between
mice expressing the DREADD/KORD combination (n 5 8) and
those that did not (n 5 5).

If the RMTg is important in opioid analgesia, then targeted
delivery of morphine to the RMTg would also be expected to

prolong withdrawal latency to heat. To test this, a separate group
of mice (n 5 6) was prepared with infusion cannula targeting the
RMTg (Fig. S2, available online as supplemental digital content at
http://links.lww.com/PAIN/A842). As shown in Figure 2B, bi-
lateral intra-RMTg morphine infusion (1 mg/50 nL/side) was
effective in producing significantly increased paw withdrawal
latency, which peaked at 10minutes after injection (17.1 seconds
95% CI [11.9-22.2 seconds], P 5 0.0004). Injections in 2 mice
were determined to be unilateral based on histologic confirmation
of the cannula tip locations (Fig. S2, available online as
supplemental digital content at http://links.lww.com/PAIN/
A842). No difference was seen in the analgesic response to
morphine between animals receiving unilateral or bilateral RMTg
injections.

Because of the close physical proximity of the VTA and the
RMTg, we elected to use a chemogenetic approach to selectively
target RMTgGABAergic neurons to further assess their effects on
thermal hyperalgesia. As shown in Figure 2C, RMTg GABAergic
neuron inhibition (SB) significantly increased paw withdrawal
latency, indicating antinociception, whereas activation (CNO)
significantly decreased hind paw withdrawal latency to thermal
stimulation, indicating nociceptive sensitization. Interestingly, the
increase in heat withdrawal latency achieved by local RMTg
morphine injection (17.1 seconds 95% CI [11.9-22.2 seconds])
and that achieved by selective RMTg GABAergic neuron
inhibition (17.1 seconds 95% CI [14.55-19.73 seconds]) were
nearly identical and were equivalent to 87% of the maximal
analgesic effect of systemic morphine. The magnitude of these
effects was unexpected and indicates that the RMTg has an
important role in both nociception and morphine analgesia. A
modulatory role of RMTg GABAergic neurons in morphine
analgesia was further supported by our demonstration that
RMTg GABAergic neuron inhibition (SB) significantly enhanced

Figure 2. Local RMTg morphine administration and direct RMTg GABA neuron inhibition produce antinociception. (A) Effect of systemic morphine administration
on paw withdrawal latency to a thermal stimulus in vGat-cre mice expressing hM3D/KORD in the RMTg (DREADD/KORD) or controls lacking the receptors
(Control). Mean (695% CI). (B) Effect of local RMTg morphine administration (1 mg/50 nL/side) or saline on paw withdrawal latency to a thermal stimulus. Mean
(695% CI), * P 5 0.0004, 2-way ANOVA (see also Fig. S2 available online as supplemental digital content at http://links.lww.com/PAIN/A842). (C) Effect of
intraperitoneal (i.p.) salvinorin-B (SB) and clozapine-N-oxide (CNO) on paw withdrawal latency to a thermal stimulus in vGat-cre mice expressing hM3D/KORD in
the RMTg (DREADD/KORD) or controls lacking the receptors (Control). Mean (695% CI), *P , 0.001, 2-way ANOVA. (D) Effect of i.p. SB on morphine
antinociception in vGat-cre mice expressing hM3D/KORD (DREADD/KORD) or controls lacking the receptors (Control). Mean (695% CI), *P, 0.01, t tests with
the Holm–Sidak correction. (E) Effect of i.p. CNO on morphine antinociception in the same mice as (D). Mean (695% CI), *P, 0.05, t tests with the Holm–Sidak
correction. CI, confidence interval; RMTg, rostromedial tegmental nucleus.
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analgesic effects of systemic morphine (Fig. 2D), whereas
activation (CNO) significantly inhibited this morphine effect (Fig.
2E). These properties existed across the entire range of
a morphine dose–response curve.

To test whether RMTg GABAergic neuron inhibition could
modulate nociceptive responses in a facilitated pain state,
persistent inflammatory pain was generated by injecting CFA
into the left ankle joint of DREADD/KORD-prepared vGat-cre
mice along with controls. Three weeks after CFA injection, hind
paw withdrawal latency to thermal stimulation in KORD2 (P 5
0.0059) and KORD1 (P5 0.0041)mice was significantly reduced
compared with pre-CFA values, indicating inflammation-
associated nociceptive sensitization had been generated (Fig.
3A). Salvinorin-B injection had no effect in KORD2 mice (P 5
0.80) but significantly increased paw withdrawal latencies in
KORD1mice (P5 0.0009), suggesting that RMTg GABA neuron
inhibition had a significant antinociceptive effect in the context of
inflammatory sensitization. Paw withdrawal latencies increased
significantly in both KORD2 and KORD1mice, with RMTgGABA
inhibition by SB equivalent in magnitude to approximately 45% of
the maximal morphine effect. By contrast (Fig. 3B), there was no
significant change in paw withdrawal latencies when CNO was
administered in DREADD1 mice (P 5 0.43) sensitized by CFA-
induced inflammation.

It has been suggested that operant behavioral tests may be
a more clinically relevant endpoint than tests of nocifensive

responses (eg, Hargreaves) for the assessment of analgesic
responses in rodents.29We therefore usedCPP to assess whether
modulation of RMTg GABAergic neurons regulates stimulus-
independent pain. On 5 consecutive days, we paired SB injection
with the light enclosure for experimental and control mice, which
had undergone left ankle joint CFA injection at least 2weeks before
testing.25,28 On the sixth day, mice were allowed to freely explore
the place-preference apparatus containing a light and a dark
enclosure, and the time spent in each enclosure was measured.
We found that CPP to SB treatment developed in mice expressing
DREADD/KORD in RMTg GABAergic neurons, but not in similarly
treated control mice (Fig. 3C). Using an analogous experimental
paradigm, neither CPP nor conditioned place aversion developed
in CNO-treated mice (Fig. 3D). These CPP data were consistent
with the Hargreaves data and demonstrated that SB-induced
RMTg GABAergic inhibition reduced both stimulus-dependent
(noxious heat/Hargreaves test) and stimulus-independent pain
(CFA-induced inflammatory pain/CPP).

As impairment of motor function would confound results of the
Hargreaves and CPP tests, we investigated the consequences of
RMTg GABA neuron modulation on locomotion. Salvinorin-
B–induced inhibition of RMTg GABA neurons had no effect on
motor performance in either open-field or rotarod tests, whereas
CNO activation of these neurons significantly impaired perfor-
mance (ie, decreased fall latency) in the rotarod test and
decreased distance travelled in the open-field test (Fig. S3,

Figure 3. Direct RMTg GABA neuron inhibition is antinociceptive and diminishes both stimulus-dependent and stimulus-independent inflammatory pain in vGat-
cre mice expressing DREADD/KORD in the RMTg, but not in controls lacking the receptors. (A) Salvinorin-B (SB) increases paw withdrawal latency in mice with
CFA-induced ankle joint inflammation that express KORD in the RMTg. Mean (695%CI). (B) Clozapine-N-oxide (CNO) has no effect on pawwithdrawal latency in
mice with CFA-induced ankle joint inflammation that express hM3 DREADD in the RMTg. Mean (695% CI). *P , 0.01, paired t tests with the Holm–Sidak
correction for multiple comparisons. (C) A conditioned place preference developed to SB in mice with CFA-induced ankle joint inflammatory pain in which RMTg
GABA neurons were inhibited. Median (695% CI). (D) A conditioned place preference did not develop to CNO in mice with CFA-induced ankle joint inflammatory
pain in which RMTg GABA neurons were excited. Median (695% CI), *P , 0.01, t tests with the Holm–Sidak correction. CFA, complete Freund adjuvant; CI,
confidence interval; RMTg, rostromedial tegmental nucleus.
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available online as supplemental digital content at http://links.
lww.com/PAIN/A842). Importantly, this indicates that the ob-
served decrease in heat withdrawal latency associated with
RMTg GABA neuron inhibition (ie, SB treatment) was not due to
depression of sensory-motor function.

We then used FSCV to both (1) assess whether RMTg neurons
modulate DA release in the NAc in vivo and (2) validate DREADD
activity and function by the presence of expected downstream
effects. Fast-scan cyclic voltammetry applies a voltage to
a carbon fiber microelectrode, which produces characteristic
current/voltage peaks when exposed to DA and can be used to
quantitate DA levels by use of a standard curve. Carbon fiber
microelectrodes were implanted into the NAc of vGat-cre mice,
which had undergone viral injections containing DREADD/KORD
targeted to RMTg GABAergic neurons (Fig. 4A). One week later,
each mouse was administered D-amphetamine (3 mg/kg) i.p.
and FSCV data were collected in awake, freely behaving animals
to test the effectiveness of the probes. Mice that showed an
increase in NAc dopamine transients (n 5 3), as shown in
Figure 4B, were subsequently tested in 3-day intervals with either
CNO (1 mg/kg) or SB (15mg/kg) in a random, blinded fashion. To
detect dopamine transients, a voltage ramp was applied to
a silver electrode, using parameters depicted in the left panel of
Figure 4C. This voltage produced a background current as
shown in the right panel of Figure 4C. Known concentrations of
dopamine were used to calibrate the probe, and intensity plots of
20-second interval, background-subtracted, CVs were gener-
ated (Fig. 4D). A dopamine transient was then defined as
a change in current equivalent to a 30-nM change in dopamine
concentration in voltammetric signals displaying an oxidation
peak at 10.65 V and a reduction peak at 20.2 V (Fig. 4E).

One mechanism by which RMTg neurons could mediate
morphine analgesia is by inducing DA release by VTA dopami-
nergic neurons (Figs. 4F and G). As shown in Figure 4H,
inhibition of RMTg GABAergic neurons by i.p. SB injection
increased DA transients in the NAc (baseline: 1.35/minute, 95%
CI [1.1, 1.7/minute], vs post-SB: 3.65/minute, 95% CI [2.95,
4.38/minute], P 5 4.30e-05), whereas activation through i.p.
CNOadministration (Fig. 4I) significantly decreasedDA transients
(baseline: 1.6/minute, 95% CI [1.25, 2.0/minute], vs post-CNO:
0.05/minute, 95% CI [0, 1.5/minute], P 5 5.89e-07).

If the antinociceptive effect of RMTg GABA neuron inhibition is
mediated by excitation of VTA DA neurons, then direct activation
of these neurons should also produce analgesia. To test this
hypothesis, adult male mice expressing Cre recombinase under
the transcriptional control of the DA transporter promoter (DAT-
cre mice) underwent targeted injections of AAV carrying an
excitatory DREADD (AAV8-hM3Dq, n5 14) or an AAV containing
only the mCherry fluorescent tag (n 5 9). Immunohistochemistry
demonstrated robust DREADD expression restricted to the VTA
that colocalized with neurons expressing tyrosine hydroxylase
(Fig. 5A).

In control mice (VTA DA neurons lacking functional DREADDs),
administration of CNO produced no change in hind paw
withdrawal latencies compared with baseline, demonstrating
that there were no nonspecific CNOeffects (Fig. 5B). By contrast,
CNO activation of VTA DA neurons in DREADD/KORD mice
produced profound antinociception (Fig. 5B). These mice were
then injected with increasing doses of systemic morphine to
determine whether the effect of direct DREADD-induced VTA DA
neuron activation could be further enhanced. Paw withdrawal
latencies failed to increase further with the addition of morphine in
DREADD/KORD mice because of a ceiling effect of the assay;
VTA DA neuron stimulation by CNO produced an effect equal to

the maximal analgesic effect of systemic morphine. To determine
whether VTA DA stimulation would be as effective in modulating
heat withdrawal latency in the context of inflammation-induced
nociceptive sensitization, CFAwas injected into the left hind ankle
of 2 groups of mice. Three weeks after CFA injection, the
presence of inflammatory pain sensitization was confirmed in
both DREADD/KORD and control mice, as paw withdrawal
latencies were significantly reduced in the CFA-injected paws
compared with the contralateral uninflamed paws in both groups
of mice (CFA time point on Fig. 5C). As was the case in mice
without hind paw inflammation (Fig. 5B), CNO greatly increased
hind paw withdrawal latencies in DREADD/KORD but not in
control mice. However, a slower paw withdrawal latency
persisted in the inflamed paw of DREADD/KORD mice. Maximal
analgesia, the point at which the paw withdrawal latencies in the
inflamed and uninflamed paws became equal, was attained with
2 mg/kg of morphine in DREADD/KORD mice concurrently
experiencing VTA DA neuron stimulation, whereas maximal
analgesia was attained with 8 mg/kg of morphine in control mice
(Fig. 5C). This indicates that activation of VTA DA neurons
significantly attenuated the thermal hyperalgesia induced by
inflammation, and this effect was synergistic with morphine in
producing maximal analgesia at approximately a quarter of the
systemic morphine dose required to achieve maximal effect.

4. Discussion

In this study, we show that local RMTg morphine and selective
RMTg GABAergic neuron inhibition produced 87% of the
maximal analgesic effect observed with systemic morphine.
Although chemogenetic inhibition of RMTg GABAergic neurons
produced antinociception, activation of the same neurons
sensitized mice to noxious heat. We also show that the analgesic
effects of systemic morphine could be modulated by targeted
chemogenetic excitation and inhibition of RMTg GABA neurons.
The antinociceptive effect of RMTg GABAergic neuron inhibition
was also present in the context of inflammation-induced
sensitization as assessed by both nocifensive (hind paw
withdrawal) and operant (CPP) behavioral endpoints. Mechanis-
tically, we showed that RMTg GABAergic neurons modulate
dopamine release in the NAc, presumably through effects on VTA
DA neurons, and that direct activation of VTA dopaminergic
neurons produces profound antinociception.

The work presented here supports a critical (but not exclusive)
role of the RMTg in nociceptive processing and m-opioid
receptor–mediated analgesia, and further suggests that these
RMTg GABA neuron functions are altered in the context of
persistent pain. There are many peripheral and central nervous
system sites that possess high concentrations of m-opioid
receptors. These sites include the dorsal horn of the spinal cord,
periaqueductal gray, lateral parabrachial nucleus, amygdala, and
anterior cingulate cortex.45 m-Opioid receptors are also found on
VTA GABAergic interneurons, which are known to modulate the
VTA dopaminergic tone.18 It is therefore significant that both local
RMTgmorphine and selective RMTgGABAergic neuron inhibition
recapitulate such a high percentage (approx. 87%) of themaximal
analgesic effect of systemic morphine. These interventions may
not be targeting precisely the same population of GABAergic
neurons, as it is possible that not all RMTg GABAergic cells
express mu-opioid receptors. However, this strongly suggests
that the RMTg is an important site mediating opioid analgesia and
supports a previous finding that local infusion of the mu agonist
endomorphin-1 into the RMTg markedly reduced formalin-
induced pain behaviors.17
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Figure 4. RMTg GABA neurons modulate nucleus accumbens’ dopamine levels. (A) Adeno-associated virus (AAV) carrying hM3 DREADDs and KORD was
targeted to RMTg GABAergic neurons, whereas carbon-fiber microelectrodes were implanted in the nucleus accumbens (NAc) of vGat-cre mice (n 5 3) to
measure dopamine transients using fast-scan cyclic voltammetry (FSCV) in freely behavingmice. (B) As a positive control, microelectrode-implantedmice received
a 3 mg/kg intraperitoneal (i.p.) injection of D-amphetamine, which resulted in an increase in dopamine transients detected in the NAc. (C) To detect transients,
a triangle waveform (20.4 to11.1 to20.4 V vs Ag/AgCl, at 400 V/second) was applied to the carbon fiber electrode every 100ms. During this time, 1000 samples
were taken of the resulting current, and the relationship between the sample number and applied voltage is depicted in the left panel. The right panel shows the
background current produced by the applied triangle waveform voltage. The voltage associated with the 300th and the 750th sample is shown at the top of the
right graph. (D) Probes were placed into known concentrations of dopamine solution, and the voltage applied to calibrate the probes. Intensity plots were then
generated to visualize the resulting current/voltage changes. The left colored panel represents the set of all background-subtracted cyclic voltammograms
recorded over a 20-second interval. The right panel shows the individual cyclic voltammogram from the 10-second time point of this set, displaying the expected
oxidation peak at10.65 V and reduction trough at20.2 V. (E) Dopamine transients recorded in vivo were compared against voltammograms collected during the
calibration. A principal component regression method was used to remove electrode drift and quantitatively separate dopamine transients from noise. Only
voltammogramswith an r2. 0.30were considered dopamine. (F) Onemechanism throughwhich RMTg neurons couldmediatemorphine analgesia is by inducing
dopamine release by VTA neurons. (G) Conversely, excitation of RMTg GABAergic neurons could decrease dopamine release by VTA neurons. (H) Inhibition of
RMTg GABAergic neurons by SB increased dopamine transients in the NAc, (I) whereas activation by CNO significantly decreased dopamine transients (dotted
blue line depicts mean value over the indicated 20-minute period, *P , 0.05, the Friedman test for one-way repeated-measures analysis of variance by ranks).
RMTg, rostromedial tegmental nucleus; VTA, ventral tegmental area.
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A concern regarding murine behavioral tests of thermal
nociception is that they may be spinally mediated and thus not
model “pain” in humans. For example, the tail-flick response has
been shown to be a reflex that can be elicited after spinal cord
transection.41 Our results demonstrate that there are central
interventions that can modulate hind paw withdrawal responses
to noxious heat. To confirm our hind paw withdrawal findings, we
conducted experiments using CPP as a measure of antinoci-
ception. Reinforcement of behaviors that reduce loss or injury
(negative reinforcement) is crucial for survival. Ongoing pain can
be “unmasked” in animals using CPP. In the presence of ongoing
pain, pairing manipulations that are not rewarding in the absence
of pain, such as peripheral nerve block, with a neutral context
elicits CPP. Conditioned place preference resulting from pain
relief is a measure of negative reinforcement and has previously
been shown to be an effective way to concomitantly determine
the presence of tonic pain and the effectiveness of agents that
relieve it.21,31

An important finding from this study was that there is
a difference in response to CNO between naive animals and
those that had undergone CFA ankle injection. This indicates that
RMTg function may change in the context of persistent pain. In
the absence of persistent pain, optogenetic inhibition of RMTg
GABAergic neurons produced CPP, whereas activation pro-
duced conditioned place aversion.39 In this study, chemogenetic
activation of these neurons failed to produce a conditioned place
aversion in the context of inflammatory pain. Mechanistically, it is
known that VTA and RMTg GABAergic neurons are excited by
aversive stimuli, and that activation of these neurons suppresses
VTA dopaminergic neuron firing during aversive events.7 There-
fore, in the absence of CFA-induced inflammation, CNO was
effective in exciting RMTg GABAergic neurons and produced

increased thermal sensitivity in the Hargreaves test. However, in
the context of painful inflammation, aversive stimuli itself trigger
RMTg GABAergic neuron excitation through inputs from the
lateral habenula,15 potentially producing a ceiling effect whereby
CNO is unable to further excite these neurons, explaining why
conditioned place aversion was not seen in the context of
persistent pain.

It is possible, and likely, that the antinociceptive effects of
RMTg GABAergic neuron inhibition occur through effects on
multiple downstream sites, as the RMTg has major projections to
the VTA, medial tegmentum, pedunculopontine and laterodorsal
tegmental nuclei, dorsal raphe, locus ceruleus, and subceru-
leus.16 We elected to study just one of these circuits, that of the
RMTg to VTA to NAc. Electrophysiologic recordings obtained
from slice preparations showed opioid inhibition of GABA-A
IPSCs measured on VTA dopamine neurons was largely due to
projections arising from the RMTg.26 In turn, these VTA neurons
modulate dopamine release in the NAc.14 In this study, we
demonstrate the relevance of these in vitro observations for pain-
related behaviors. Our FSCV data demonstrate that these
neurons modulate dopamine release in the NAc, and the
antinociceptive effects of VTA dopamine neuron stimulation are
consistent with our hypothesis that RMTg antinociceptive effects
are in part mediated through dopaminergic circuits, although we
did not confirm that these effects were due to dopamine vs
a different transmitter.

Inputs to theNAc arise from the amygdala, thalamus, prefrontal
cortex, and anterior cingulate cortex. These inputs are integrated
at the level of NAc medium spiny neurons, which in turn project
primarily to the ventral pallidum, lateral hypothalamus, and VTA.43

Many of these input and output regions have been implicated in
aversive and/or nociceptive processing.48 Consequently,

Figure 5. Direct VTA dopamine neuron stimulation is antinociceptive, diminishing both acute thermal and CFA-induced inflammatory pain. (A) AAV-hsyn-DIO-
hM3D(Gq)-mCherry expression in the VTA of a representative Dat-cre mouse. hM3D expression is visualized through the red mCherry tag. Immunohistochemical
staining of tyrosine hydroxylase (TH) indicating the cell bodies of dopaminergic neurons. The overlayed image showing colocalization of hM3D in TH-expressing
neurons of the VTA. (B) Effect of intraperitoneal (i.p.) clozapine-N-oxide (CNO) and morphine on paw withdrawal latency to a thermal stimulus in DAT-cre mice
expressing hM3D in the VTA (DREADD) or controls lacking the receptors (Control). Mean (695% CI), *P , 0.001, 2-way ANOVA. (C) Effect of i.p. clozapine-N-
oxide (CNO) andmorphine on thermal pawwithdrawal latency inmice with CFA-induced ankle joint inflammatory pain. Mean (695%CI). *P, 0.05, t tests with the
Holm–Sidak correction. CFA, complete Freund adjuvant; CI, confidence interval; VTA, ventral tegmental area.
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changing the integration of nociceptive or sensory information in
the NAc or altering accumbal output to the ventral pallidum/lateral
hypothalamus/VTA could all potentially alter pain perception.

Studies investigating the role of DA circuits and pain have
largely focused on their contribution to the rewarding effects of
opioids.10,26,44 However, optogenetic activation of VTA dopami-
nergic neurons also reverses pathological allodynia resulting from
nerve injury or bone cancer.47 In this study, we demonstrate that
the hind paw withdrawal response to a noxious heat stimulus in
animals with persistent inflammatory pain is also attenuated by
selective VTA dopaminergic activation. Preclinical studies in
rodents and clinical trials have indicated that dopamine modu-
lators such as D-amphetamine and methylphenidate (MPH)
attenuate pain behaviors, are synergistic with opioids, and
oppose opioid-induced respiratory depression and seda-
tion.5,6,11,30 However, the importance of these observations is
controversial; although some studies have shown that increasing
dopamine activity in humans does not change sensory thresh-
olds,3 dopamine agonists produce analgesia in Parkinson
disease12,38 and may, therefore, be considered pain modulators.
The issue of dopaminergic agonists being analgesic is complex
because, aside from sensory processing, the experience of pain
also involves complex neural circuits that underlie emotion and
motivation.

Changes in the RMTg GABAergic tone produce complex
interactions between analgesia, reward, and locomotion in
animal models. In contrast to the report of impaired rotarod
motor performance associated with KORD-based chemogenetic
inhibition of VTAGABAergic interneurons,1 we observed no effect
of chemogenetic inhibition of RMTg GABAergic neurons on
rotarod performance. These results highlight that the GABAergic
neurons found in the VTA and those that comprise the RMTg are
distinct populations with differing functions.40

Although this study was the first to chemogenetically manip-
ulate RMTg GABA neurons to assess behavioral pain endpoints,
there is extensive literature assessing other behavioral readouts.
hM3D and hM4D receptors were expressed in RMTg GABA
neurons to investigate locomotion,46 whereas a novel Gi-
coupled, optically sensitive, mu opioid–like receptor expressed
in RMTg GABAergic neurons was used to investigate reward.37

Based on these studies, we predict that our chemogenetic-
based results are not specifically related to opioid-mediated
inhibition using the KOR-based DREADD and thus could be
produced by other techniques including muscimol infusion,
hM4d-DREADD, inhibitory opsins, or ablation.

One limitation to this study is the difficulty in definitively
identifying RMTg neurons. There are no cytoarchitectural
boundaries in Nissl-stained tissue, making its identification
heavily reliant on histochemical markers such as the vesicular
GABA transporter that was used in the current study. Retrograde
labeling from the VTA and psychostimulant-induced c-Fos
expression have also been used. However, each of these
strategies has limitations. Many neurons immediately adjacent
to the RMTg also express GABAergic markers, and retrograde
labeling from the VTA does not distinguish the RMTg from
adjacent neurons within the VTA itself. Although
psychostimulant-induced c-Fos robustly identifies the RMTg in
rats, it only labels half of RMTg neurons and is also present in
adjacent, non-RMTg cells. A transcription factor, FoxP1, was
recently identified as being expressed in GABAergic RMTg
neurons.22 This unique marker was further characterized to
show that it is a particularly comprehensive and selective marker
of the RMTg.39 Future studies will be able to make use of these
advances.

These results provide compelling behavioral evidence that the
RMTg is an important mediator of opioid analgesia, that RMTg
GABAergic neurons modulate nociception, and that the mech-
anism of these RMTg-mediated effects is in part through actions
on VTA dopamine neurons. Further studies are needed to better
understand the downstream targets of the RMTg and to
determine whether the RMTg may be an important site of action
for novel, minimally rewarding m-opioid receptor analgesics.
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