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Dissecting the Role of GABA Neurons in the VTA versus SNr
in Opioid Reward
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Opioid reward has traditionally been thought to be mediated by GABA-induced disinhibition of dopamine (DA) neurons in
the VTA. However, direct behavioral evidence supporting this hypothesis is still lacking. In this study, we found that the u
opioid receptor (MOR) gene, Oprm1, is highly expressed in GABA neurons, with ~50% of GABA neurons in the substantia
nigra pars reticulata (SNr), ~30% in the VTA, and ~70% in the tail of the VTA (also called the rostromedial tegmental nu-
cleus) in male rats. No Oprml mRNA was detected in midbrain DA neurons. We then found that optogenetic inhibition of
VTA DA neurons reduced intravenous heroin self-administration, whereas activation of these neurons produced robust opti-
cal intracranial self-stimulation in DAT-Cre mice, supporting an important role of DA neurons in opioid reward.
Unexpectedly, pharmacological blockade of MORs in the SNr was more effective than in the VTA in reducing heroin reward.
Optogenetic activation of VIA GABA neurons caused place aversion and inhibited cocaine, but not heroin, self-administra-
tion, whereas optogenetic activation of SNr GABA neurons caused a robust increase in heroin self-administration with an
extinction pattern, suggesting a compensatory response in drug intake due to reduced heroin reward. In addition, activation
of SNr GABA neurons attenuated heroin-primed, but not cue-induced, reinstatement of drug-seeking behavior, whereas inhi-
bition of SNr GABA neurons produced optical intracranial self-stimulation and place preference. Together, these findings sug-
gest that MORs on GABA neurons in the SNr play more important roles in opioid reward and relapse than MORs on VTA
GABA neurons.
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Opioid reward has long been believed to be mediated by inhibition of GABA interneurons in the VTA that subsequently leads
to disinhibition of DA neurons. In this study, we found that more u opioid receptors (MORs) are expressed in GABA neurons
in the neighboring SNr than in the VTA, and that pharmacological blockade of MORs in the SNr is more effective in reducing
heroin reward than blockade of MORs in the VTA. Furthermore, optogenetic activation of VTA GABA neurons inhibited co-
caine, but not heroin, self-administration, whereas activation of SNr GABA neurons inhibited heroin reward and relapse.
These findings suggest that opioid reward is more likely mediated by stimulation of MORs in GABA afferents from other
brain regions than in VTA GABA neurons. /
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Introduction

The neural mechanisms underlying opioid reward and relapse
are still not fully understood. Opioid reward has traditionally
been thought to be mediated by activation of u opioid receptors
(MORs) located on GABA neurons within the VTA and opioid-
induced disinhibition of adjacent dopamine (DA) neurons
(Gysling and Wang, 1983; Johnson and North, 1992; Margolis et
al., 2014). This hypothesis was supported by a series of behav-
ioral studies demonstrating that morphine or DAMGO is self-
administered directly into the VTA (Bozarth and Wise, 1981;
Welzl et al, 1989; David and Cazala, 1994; Devine and Wise,
1994) and intra-VTA infusions of opioids produce conditioned
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place preference (Phillips and LePiane, 1980; Bals-Kubik et al,,
1993) or support self-administration (Zangen et al., 2002). In
contrast, MOR antagonists, when infused into the VTA, block
morphine-induced conditioned place preference (Wise, 1989;
Olmstead and Franklin, 1997). Chemogenetic inhibition of VTA
DA neurons inhibits intravenous heroin self-administration in
mice (Corre et al,, 2018), supporting an important role of DA in
opioid reward. In contrast, some studies do not support this
dogma: DA receptor antagonists or 6-OHDA lesions of DA ter-
minals in the NAc decrease cocaine but not heroin self-adminis-
tration (Ettenberg et al., 1982; Pettit et al., 1984; Dworkin et al,,
1988; Gerrits et al., 1994; Badiani et al., 2011).

At present, it is unknown whether disinhibition of DA neu-
rons is mediated primarily by opioid-induced inhibition of local
GABA neurons within the VTA or of GABAergic afferents from
other brain regions (Galaj et al., 2020b). Early receptor binding
assays indicate that the MOR expression level in the VTA is very
low as compared to other brain regions (Tempel and Zukin,
1987; Méndez et al., 2003), suggesting that the VTA may not be a
primary site of opioid action. This is further supported by the
findings that VTA DA neurons receive GABA inputs mainly
from other brain regions, including the NAc, ventral pallidum,
and rostromedial tegmental nucleus (RMTg) (Bolam and Smith,
1990; Kalivas, 1993; Tepper and Lee, 2007; Watabe-Uchida et al,,
2012; Hjelmstad et al., 2013). Electrophysiological studies meas-
uring GABA-mediated inhibitory postsynaptic currents (IPSCs)
on VTA DA neurons indicate that opioids can induce ~50% in-
hibition of IPSCs evoked from the RMTg, ~30% from the ven-
tral pallidum, ~20% from the NAc, and ~10% from VTA
interneurons (Matsui and Williams, 2011; Jhou et al,, 2012;
Hjelmstad et al., 2013; Matsui et al., 2014), suggesting that the
RMTg might be one of the major brain regions sending opioid-
sensitive GABAergic inputs to VTA DA neurons.

The SNr is another region adjacent to the VTA and the sub-
stantia nigra pars compacta (SNc), and displays high MOR bind-
ing in autoradiography assays (Tempel and Zukin, 1987; Méndez
et al., 2003) and high densities of GABA neurons (Tepper and
Lee, 2007). However, the role of the SNr in opioid action is
largely unknown. In this study, we studied the role of MORs on
GABAergic neurons in the VT'A and SNr in opioid reward and
relapse. We first examined GABA neuron distributions in the
midbrain and MOR distributions in different phenotypes of
neurons in the VTA, SN¢, SNr, and RMTg using immunocyto-
chemistry and RNAscope ISH techniques. We then used pharma-
cological approaches to block MORs in the VTA versus SNr to
compare the changes in heroin self-administration and reinstate-
ment. Last, we used optogenetic approaches to study the role of
DA versus GABA neurons in the VTA, SN¢, and SNr in brain
reward function and in heroin self-administration and reinstate-
ment (relapse) in transgenic mice. We found that more MORs
are expressed in GABA neurons of the SNr than of the VTA, and
that optogenetic activation of GABA neurons in the SNr, but not
VTA, reduced opioid reward and relapse.

Materials and Methods

Subjects

Male Long-Evans rats (Charles River Laboratories, initially weighing
250-300 g), male and female DAT-ires-cre knock-in (DAT-cre, stock
#020080) and vGAT-ires-cre knock-in (VGAT-cre, stock #028862) mice
with a C57BL/6] genetic background (weighing 30-40 g, The Jackson
Laboratory), were used in the present experiments. During experimenta-
tion, animals were housed individually in climate-controlled animal col-
ony rooms on a reversed 12 h light-dark cycle (lights off at 7:00 A.M.
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and on at 7:00 P.M.) with free access to food and water. All experiments
were conducted during the animals’ active period (dark cycle). The
housing conditions and care of the animals were consistent with the
National Institutes of Health’s Guide for the care and use of laboratory
animals. The protocols used in the present experiments were approved
by the National Institute on Drug Abuse Animal Care and Use
Committee.

Surgery

The intravenous surgery procedure for heroin self-administration in rats
or mice was the same as we reported previously (Xi et al., 2011; Galaj et
al., 2020a). Briefly, a Microrenathane catheter was implanted in the right
jugular vein, and its free end fed subcutaneously along the scapula was
connected to a 22 gauge stainless connector that was mounted to the
skull using stainless-steel screws and dental acrylic. To ensure its pat-
ency, the catheter was flushed daily with gentamicin and heparin after
surgery.

For the intracranial microinjections in rats, two stainless-steel cannu-
lae were implanted under deep anesthesia into the VTA (AP —5.6, ML
+2.0, and DV —7.4; at 10° angle away from the midline) or SNr (AP
—5.52, ML £3.06, and DV —8.15). Obturators, extending 1 mm beyond
the cannulae, were inserted into the cannulae to prevent blockage and
remained there at all times, except during microinjections.

For the optogenetic experiments, DAT-cre or vGAT-cre mice were
anesthetized with ketamine/xylazine (100and 10 mg/kg, respectively).
For intra-VTA, intra-SNc, or intra-SNr microinjections of virus, a cus-
tom-made 30 gauge stainless injector was used to infuse inhibitory
halorhodopsin (AAV5-EF1a-DIO-NpHR-EYFP), excitatory channelr-
hodopsin (AAV5-EF1a-DIO-ChR2-EYFP), or the control virus (AAV5-
EF1a-DIO-EYFP, e.g., AAV-EYFP). Individual adeno-associated viruses
(AAVs, UNC Vector Core) were delivered bilaterally to the VTA
(AP —3.1, ML %= 0.8, DV —4.25), SNc¢ (AP 3.1, ML 1.6, DV 4.0 for the
SNc), or SNr (AP — 3.2, ML £2.19, DV —4.57; at 10° angle away from
the midline) using a 10 ul Nanofil syringe and Micro 4 Pump (World
Precision Instruments) at a rate of 50 nl/min for a total volume of 250 nl
per side in the SNr and 150 nl per side in the VTA. Bilateral custom-
made ferrule fibers were implanted (200 um inner diameter, Doric
Lenses) 0.5 mm above the injection site. For a mouse heroin self-admin-
istration experiment, in addition to the intra-VTA or intra-SNr injec-
tions of AVV-ChR2 virus, DAT-cre or vVGAT-cre mice were catheterized
in the right jugular vein, as described previously (Xi et al,, 2011).

Drugs

Heroin-hydrochloride (provided by National Institute on Drug Abuse
pharmacy) was dissolved in 0.9% saline to achieve final doses of 0.05,
0.025, or 0.0125mg/kg/infusion (for self-administration experiments).
Naloxonazine and naloxone (purchased from Tocris Bioscience) were
dissolved in 0.9% saline to achieve final doses of 2 and 4 pg or doses of 3
and 10 pg/0.5 pl/side, respectively.

Apparatus

Rat or mouse self-administration was conducted in standard operant
chambers (Med-Associates), each housed in a sound-attenuating box
and equipped with two retractable levers, a white light/tone above the
active lever, and a drug line connected to a syringe pump. In optical in-
tracranial self-stimulation (oICSS) and real-time place preference
(RTPP) experiments, conducted in standard conditioning chambers
(Med Associates; Any-Maze), mice were gently connected to a cable
attached to an optical swivel, which was in turn connected to a 473 nm
laser or 532 nm laser tuned for ChR2 or NpHR stimulation, respectively.
Computer software controlled a pulse generator that controlled the laser.

Procedures

Experiment 1: GAD67 immunostaining. To determine the distribu-
tions of GABAergic neurons in the VTA, SN¢, and SN, rats were anes-
thetized with sodium pentobarbital (100 mg/kg, i.p.) and intracardially
perfused with ice-cold 0.9% saline followed by 4% PFA. Brains were
coronally sectioned at 30 um. The brain sections were processed for
immunohistochemistry assays to observe glutamic acid decarboxylase 67
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GADG67, an enzyme that converts glutamate to GABA). Briefly, free-
floating coronal sections (n=2) were incubated for 1 h in PB supple-
mented with 4% BSA and 0.3% Triton X-100. Sections were then incu-
bated with cocktails of primary antibodies (mouse monoclonal anti-
GAD67 antibody, Millipore, MAB5406; 1:500) overnight at 4°C. After
three rinses (10 min each) in PB, sections were incubated in a fluores-
cently labeled secondary antibody (AlexaFluor-594 goat anti-mouse,
1:500; Invitrogen) for 1 h at room temperature. After rinsing, sections
were mounted on gelatin-coated slides with 50% buffered glycerol.
Mounted sections were coverslipped with DAPI nuclear counterstain
(H-1200, Vector Laboratories). Fluorescent images were collected with
an FV1000 Confocal System (Olympus) using manufacturer-provided
software.

Experiment 2: RNAscope ISH for Oprm1, DAT, and GADI. To deter-
mine the cellular distributions of MOR mRNA in the midbrain, we used
RNAscope ISH to image OprmI1, DAT, and GADI mRNAs in the VTA,
SN¢, SNr, and RMTg. Rat brains were extracted by rapid decapitation
and immediately submerged in 2-methyl-butane to be then stored in
—80°C until ready for use. Coronal sections of rat midbrain were col-
lected at 16 um thickness on the Superfrost Plus slides to be then dehy-
drated in graduated ethanol (PBS, 50%, 70%, and 100% ethanol). Using
RNAscope Reagent Kit (Advanced Cell Diagnostics), the midbrain sec-
tions were incubated first in Protease-Pretreat 4 solution (room temper-
ature, 20 min), rinsed twice in dH,0, and then treated with Oprm1, DAT,
and GADI probes for 2 h at 40°C. To determine OprmI mRNA expres-
sion in midbrain GABA and DA neurons in rats, we used Rn-MOR-2
and Rn-GADI-3, and Rn-Slc6a3-C3 probes (Advanced Cell Diagnostics).
After double rinse in wash buffer (Advanced cell Diagnostics), the sections
were treated with AMP 1 (30 min, 40°C), AMP 2 (15 min, 40°C), AMP 3
(30 min, 40°C), and AMP 4 Alt A (15 min, 40°C) with double rinse in PB
between each amplification step. Next, a drop of DAPI was added to each
slide, followed by fluorescent mounting medium (Fluoro-Gel; #17985,
Electron Microscopy Science) and coverslip.

Images were taken on KEYENCE BZ-X800 Fluorescence Microscope
from three sections obtained from 3 rats at 4, 20, 40, and 60 x magnifica-
tion. A number of DAPI-positive cells, expressing GAD1 or Oprml +
GADI, were counted at 40x magnification using Image J software.

Experiment 3: heroin self-administration in rats. To determine the
role of MORs in the VTA versus SNr in heroin self-administration, Long
Evans rats were trained to self-administer heroin (0.05 mg/kg/inf) under
a fixed ratio (FR1) schedule of reinforcement during daily 3 h sessions.
Responding on the active lever resulted in the intravenous delivery of
heroin and presentation of the light + tone complex stimulus above the
active lever. Responses on the inactive lever were counted but had no
consequences. Once animals demonstrated a pattern of stable respond-
ing, defined as <20% of variability in daily heroin intake across three
consecutive sessions, and an active/inactive lever press ratio exceeding
2:1, they (24 rats with intra-SNc guide cannula implantations) were di-
vided into three groups; each group (n=7 or 8) of rats received one of
three doses of naloxonazine (0, 2, or 4 g/0.5 pl/side) or naloxone (0, 3,
or 10ug/0.5 pl/side). Immediately before the test session, obturators
were removed and bilateral intra-SNr microinjections of one of three
doses were delivered using two 10 ul Nanofil syringes placed in a micro-
syringe pump (BASI). The injections were delivered over 60 s, and the
microinjectors were kept in place for an additional 60 s to allow the drug
to diffuse. Next, the obturators were inserted back into the cannulae, and
the rats were placed in the operant chamber for a self-administration ses-
sion. After the drug test on heroin self-administration maintained by
0.05 mg/kg/infusion of heroin, the animals were trained to self-adminis-
ter lower doses of heroin (0.025 mg/kg/infusion, followed by 0.0125 mg/
kg/infusion). After stable self-administration was achieved, three groups
of rats received intra-SNr microinjections of naloxonazine again. Each
animal was tested with one dose of naloxonazine at three different doses
of heroin.

To determine whether intra-VTA microinjections of naloxonazine
produce similar effects on heroin self-administration, additional groups
of rats were surgically prepared for intravenous heroin self-administra-
tion and intra-VTA microinjections. Rats underwent the same proce-
dure as described above where they self-administered heroin from
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0.05 mg/kg/infusion to 0.025 mg/kg/kg and then to 0.0125 mg/kg/infu-
sion. After the stable self-administration was achieved, the effects of
intra-VTA naloxonazine (0, 2, or 4 pg/0.5 pl/side) on heroin self-admin-
istration maintained by different doses of heroin were evaluated.

Experiment 4: heroin- or cue-induced reinstatement of drug-seeking
in rats. In this experiment, we wanted to determine whether MORs in
the SNr play a role in reinstatement of drug-seeking. Rats with a history
of heroin self-administration underwent extinction training for 3 weeks.
Each extinction session was 3 h long, and responding on either lever pro-
duced no consequences (i.e., no heroin infusion, no heroin-associated
cue lights and tones). This phase continued until the extinction criteria
were met (<20 lever presses for three consecutive sessions). Then, the
animals (n = 24) were divided into three groups, and each group of rats
received one of three naloxonazine doses (0, 2, or 4pg/0.5 pl/side),
before the cue-induced reinstatement test. Two presentations of the
drug cues (light/tone/pump) were made 2 min apart at the beginning of
the session. Each response on the active lever was reinforced with the
drug cues (but no heroin). Responding on the inactive lever produced
no consequences.

The animals then underwent the second phase of heroin self-admin-
istration (0.0125 mg/kg/inf) followed by extinction to be then tested for
heroin-primed reinstatement of drug-seeking. Before the reinstatement
session, rats were pretreated with intra-SNr naloxonazine at doses of (0,
2, or 4g/0.5 ul/side) and then injected with heroin (1 mg/kg, i.p.) to
induce reinstatement of drug-seeking. Each response on the active lever
was reinforced with the drug cues (but with no heroin). Responding on
the inactive lever produced no consequences.

Experiment 5: optical RTPP in mice. Here we used DAT-cre or
VGAT-cre mice expressing intra-SNr excitatory ChR2, inhibitory NpHR,
or control virus, in a real-time place preference paradigm to determine
whether optical manipulation of VTA DA neurons, VTA GABA neu-
rons, or SNr GABA neurons is rewarding or aversive. Briefly, vVGAT-cre
mice were connected to a laser system (OEM Laser Systems) by two
sheathed optic fibers (200 pm core diameter, Precision Fiber Products)
and FC/FC fiber rotary joint (Doric). Mice were first pre-exposed to the
RTPP apparatus for 15 min on 2 consecutive days. Over the next 5 ses-
sions, either blue light (473 nm, 10 mW/side, 50 Hz, 5 ms pulse duration,
for ChR2, eYFP groups) or green light (532 nm, 10 mW/side, constant,
for NpHR group) was delivered via computer-controlled lasers (OEM
Laser Systems) that were programmed to turn on when the mouse fully
entered the light-paired chamber (Any-Maze). The duration of the
stimulation was contingent on the time the animal spent in the laser-
paired compartment. For half of the animals, the laser was paired with
their initially preferred compartment and for the other half with the
least preferred compartment.

Experiment 6: oICSS in mice. To further evaluate whether activation
of midbrain DA neurons or inhibition of midbrain GABA neurons is
rewarding, we trained DAT-cre or vGAT-cre mice to press a lever for
0ICSS. DAT-cre or vGAT-cre mice expressing ChR2, NpHR, or eYFP in
DA or GABA neurons in the VTA, SN¢, or SNr were connected to a 473
or 532 nm wavelength laser (OEM Laser Systems) emitting blue or green
light contingent on lever responding. During each 2 h session, each press
on the active lever activated the light stimulus above the lever and deliv-
ered of a 1 s pulse train of blue light stimulation (473 nm, 10 mW, 5ms
duration, 25Hz) causing DA neuron depolarization or continuous
532 nm green light stimulation (10 mW, for 20 s) causing hyperpolariza-
tion of GABA neurons. Pressing the inactive lever yielded no stimula-
tion. Following establishment of lever-pressing for oICSS, animals were
presented with a series of six different stimulation frequencies (100, 50,
25, 10, 5, and 1 Hz) in descending order to obtain rate-frequency
response curves. Animals were allowed to respond for 10 min per stimu-
lation frequency.

Experiment 7: mouse heroin self-administration combined with opti-
cal stimulation. To determine the role of DA or GABA neurons in the
VTA or SNr in heroin self-administration, DAT-cre mice with NpHR
expression in VTA DA neurons or vGAT-cre mice with ChR2 expres-
sion in GABA neurons in the VTA or SNr were trained to self-adminis-
ter heroin (0.05 mg/kg/infusion), as described above. After showing a
pattern of stable responding, mice continued to self-administer heroin
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MOR expression in midbrain DA neurons versus GABA neurons in rats. A, GAD67 immunostaining and RNAscope ISH results indicating that GAD1-positive GABA neurons are mainly

distributed in the SNr and red nucleus (RN), but not in the VTA and SNc where the majority of neurons are TH-positive DA neurons. B, MOR (Oprm1) RNAscope results, indicating that MORs are
not expressed in VTA DA neurons. ¢, MOR (Oprm1) RNAscope results indicate that MORs are expressed in subpopulations of GAD1-positive GABA neurons in both the SNr and VTA. Images were

taken under 60 x magnification (n =3 per group).

such that each press on the active lever activated the syringe pump, her-
oin cues (lights/tones) for 4.5 s and the green laser (532nm, 10 mW/
side, constant stimulation for 20 s for NpHR expression in VTA DA
neurons) or blue laser (473 nm, 10 mW/side, 50 Hz, 5 ms pulse duration,
for 1 s for ChR2 eYFP expression in GABA neurons). Mice were trained
to self-administer three doses of heroin according to the sequence of
0.05, 0.025, and 0.0125 mg/kg/infusion, and tested under the same con-
ditions. An additional group of vGAT-cre mice with ChR2 expression in
VTA GABA neurons were initially trained for cocaine (0.5 mg/kg/infu-
sion) self-administration. The effects of optical activation of VTA GABA
neurons on cocaine self-administration were evaluated.

Experiment 8: reinstatement test combined with optical stimulation
in mice. To further examine the role of SNr GABA neurons in opioid
action, we used an optogenetic approach to assess the effects of optical
activation of SNr GABA neurons on heroin-primed reinstatement of
heroin seeking. Here vGAT-cre mice with a history of heroin self-
administration underwent extinction training as described above. After
meeting the extinction criteria (<20 lever presses in 3 consecutive ses-
sions), mice were injected with heroin (1 mg/kg, i.p.) and then tested for
drug-primed reinstatement of heroin seeking. Active lever presses
turned on the heroin cues (light/tone/pump) and the 473 nm laser

delivering 50 Hz stimulation (10 mW) for 20 s. After two additional
extinction sessions, drug-primed reinstatement test was repeated with-
out the laser activation where each active lever press activated only her-
oin cues (pump/light/tone). Presses on the inactive lever had no
consequences.

Experiment 9: food self-administration combined with optical stimu-
lation. Here we used an optogenetic approach to determine whether SNr
GABA neurons also play a role in nondrug reward. Briefly, vGAT-cre
mice with ChR2 expression in SNr GABA neurons were trained to self-
administer food under a FR1 schedule of reinforcement during daily
30 min sessions. Presses on the active lever caused a delivery of food pel-
let and activation of cue lights and tones above the lever. Presses on the
inactive lever had no consequences. Mice that showed a pattern of stable
responding for 3 consecutive days underwent testing such that each lever
press activated the blue laser (473 nm) leading to activation of SNr
GABA cells simultaneously with the delivery of a food pellet.

Experiment 10: open-field locomotion. To determine whether SNr
GABA neurons are also involved in drug-induced hyperlocomotion, we
used optogenetic approaches to selectively stimulate or inhibit these neu-
rons in VGAT-cre mice injected with either cocaine or heroin. Mice with
ChR2 or NpHR expression in the SNr were first pre-exposed to the
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rats).

locomotor activity chambers. On the test day, during the first 30 min,
the baseline locomotor activity was established. Next, animals were injected
with either heroin (1 mg/kg, i.p.) or cocaine (10 mg/kg, i.p.), and their loco-
motor activity was measured with the 473 or 532nm laser activated for
15 min to either stimulate or inhibit the SNr GABAergic neurons, respec-
tively, followed by 15 min locomotor activity with the laser OFF.

Experiment 11: TH and eYFP immunostaining. After completion of
the behavioral experiments described below, animals were deeply anes-
thetized with sodium pentobarbital (100 mg/kg, i.p.) and brain were per-
fused with ice-cold 0.9% saline followed by 4% PFA to be then processed
for immunohistochemistry assays that allowed us to label VTA/SNc TH
or amplify AAV-EYFP expression in the VTA or SNr. Briefly, free-float-
ing coronal sections (30 um) from vGAT-Cre mice with AAV-EFla-
ChR2-EYFP microinjection were incubated for 1 h in PB supplemented
with 4% BSA and 0.3% Triton X-100. Sections were then incubated with
cocktails of primary antibodies [rabbit polyclonal anti-TH (Abcam,
#ab152; 1:500) or chicken anti-GFP (Abcam, #ab13970; 1:500)] over-
night at 4°C. After three rinses (10 min each) in PB, sections were incu-
bated in a cocktail of the corresponding fluorescently labeled secondary
antibodies (AlexaFluor-594 goat anti-rabbit and AlexaFluor-488 goat
anti-chicken; 1:200; Abcam; #ab150080; #ab150173) for 2 h at room tem-
perature. After rinsing, sections were mounted and coverslipped with
DAPI nuclear counterstain (Invitrogen, Fischer Scientific).

VTA

MOR expression in midbrain GABA neurons by RNAscope ISH. A, B, Representative images under 60 magnification,
illustrating that MOR (Oprm7) mRNA is not expressed in DAT-positive DA neurons in the VTA (A) and SNc (B). C-E, Representative
images under 60 magnification, illustrating that MOR (Oprm7) mRNA is detected in subpopulations of GAD1-positive GABA
neurons in the SNr (C), VTA (D), and RMTq (E). F, Quantitative cell counts illustrating that ~30% of GABA neurons in the VTA,
~50% of those in the SNr, and ~70% those in the tail of the VTA (RMTg) express MORs (150-500 cell counts per region from 3
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Experimental designs and data analysis

For self-administration experiments, the
numbers of infusions during optogenetic/
pharmacological manipulations were com-
pared to the averaged number of infusions
during last three self-administration ses-
sions before the test and at three doses of
heroin. These data were analyzed using a
three-way ANOVA (treatment X phase
xheroin dose). For reinstatement experi-
ments, the numbers of the active and inac-
tive lever presses during the last three
extinction sessions were averaged and com-
pared to active and lever presses during the
reinstatement test, using a three-way
ANOVA (treatment x phase X lever). For
oICSS with ChR2, lever presses were
analyzed across six different stimulation
frequencies at VTA/SNc regions using a
two-way ANOVA (frequency X region).
For oICSS with NpHR, lever presses were
analyzed across sessions with a (lever x
session) ANOVA. For RTPP with VTA
GABA or DA neurons manipulation, sepa-
rate one-way ANOVAs with sessions as
repeated-measures factor were used. Loco-
motor activity was analyzed with a three-way
ANOVA (time x phase x laser). Significant
interactions and significant effects were
followed by post hoc Dunnetts tests or
Bonferroni tests with correction for multiple
group comparisons, where appropriate.

45.8%

SNr RMTg

Results

Oprml mRNA is expressed in
midbrain GABA, not DA, neurons
Electrophysiological evidence indicates
that functional MORs are expressed in
GABA neurons in the brain (Gysling
and Wang, 1983; Johnson and North,
1992; Margolis et al., 2014). However,
direct morphologic evidence is still
lacking. To address this question, we
first examined the distributions of
GABA neurons in the midbrain. Figure
1A shows GAD67 immunostaining and
GAD1- and DAT-mRNA signals, as assessed by IHC and
RNAscope ISH, indicating that high densities of GAD1-positive
GABAergic neurons are present in the SNr, but less in the VTA
and SNc. In contrast, DAT-positive DA neurons are found mainly
in the VTA and SN, but not in SNr.

We then examined the cellular distributions of MORs in DA
versus GABA neurons in the midbrain. We found that Oprm1
mRNA is not colocalized in DAT-positive DA neurons in either
the VTA or SNc (Figs. 1B, 2A,B). In contrast, we detected Oprm1
mRNA in ~50% of SNr GABAergic neurons and ~30% of VTA
GABAergic neurons (Figs. 1C, 2C,D,F). We also examined MOR
expression in the tail of the VTA (RMTg) and found that ~72% of
RMTg GABA neurons express OprmI mRNA (Fig. 2E,F), in agree-
ment with previous findings using electrophysiological assays (Jhou
et al., 2009; Jalabert et al., 2011; Matsui et al., 2014).

Intra-VTA MOR antagonism increases heroin intake in rats
To determine the role of MORs in the VTA versus SNr in opioid
reward, we first observed the effects of microinjections of MOR
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The effects of VTA MOR blockade on heroin self-administration in rats. A, B, General experimental procedures. C-E, Intra-VTA microinjections of naloxonazine increased the total

numbers of heroin infusions. Statistically significant increases in self-administration were observed with the 0.0125 mg/kg dose of heroin (C), but not with the 0.025 mg/kg/infusion (D) or
0.05 mg/kg/infusion (E). Bottom panels, Representative event records of heroin infusions during a 3 h session from individual rats, illustrating higher rates of heroin self-administration and an
evenly distributed pattem of heroin self-administration, suggesting a compensatory response in drug intake due to a reduction in heroin reward following MOR blockade (n =8 in each group).
F, G, Postexperimental histology illustrating microinjection loci in the VTA in rats. *p << 0.05 compared to baseline.

antagonists into the VTA or SNr on heroin self-administration
in rats. Figure 3A, B shows the general experimental procedures.
Intra-VTA microinjections of the long-lasting MOR antagonist
naloxonazine (0, 2, 4pg/0.5pl/side) produced a significant
increase in heroin self-administration maintained by the low
dose (Fig. 3C), but not by the high doses (Fig. 3D,E), of heroin. A
three-way ANOVA with naloxonazine dose as between-group
factor and heroin dose and phase (baseline vs test) as repeated-
measures factors revealed a main effect of heroin dose (Fz42) =
55.12, p < 0.05) and significant phase x naloxonazine interac-
tion (F(221) = 3.68, p << 0.05). Post hoc tests revealed the signifi-
cant naloxonazine effect with the 0.0125 mg/kg/infusion dose of

heroin (F521) = 447, p <0.05), but not with 0.025 mg/kg/infu-
sion (F51) = 3.04, p=0.06) or 0.5 mg/kg/infusion (F(3 1) = 2.29,
p=0.12) of heroin. With naloxonazine pretreatment, rats showed
increases in heroin self-administration rates and a stable and
evenly distributed pattern of responding across different heroin
doses (Fig. 3C-E), suggesting that such an increase in heroin
self-administration is most likely a compensatory response to a
reduction in heroin reward after naloxonazine pretreatment.
After the completion of the behavioral test, we examined the
loci of the tips of the guide cannula for microinjections in the
brain. Based on the relative locations of the injector and the tip
of the guide cannula (ie., the injection area is located 1 mm
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The effects of SNr MOR blockade on heroin self-administration in rats. A, B, General experimental procedures. C-E, Intra-SNr microinjections of naloxonazine dose-dependently

increased heroin self-administration maintained by 0.0125 mg/kg/infusion (C), 0.025 mg/kg/infusion (D), and 0.05 mg/kg/infusion (E) of heroin. Bottom panels, Representative heroin self-
administration records during a 3 h session from individual rats, illustrating that microinjections of naloxonazine increased heroin self-administration rates and decreased interinfusion intervals,
suggesting a reduction in heroin reward. F, G, The time courses of intravenous heroin self-administration within a 3-h session after intra-SNr naloxonazine (0, 2, 4 pg/side) or naloxone (0, 3,
10 pg/side) pretreatment, illustrating that naloxonazine’s action is long-lasting, whereas naloxone’s action is not. *p << 0.05, **p << 0.01 as compared to baseline (n =8 in each group).

below the tip of a cannula) and the spread area with 0.5 pl blue
dye in the VTA as reported previously (Xi et al., 2004), we veri-
fied that all the microinjections were located within the VTA, as
shown in Figure 3F, G. These findings suggest that MORs in the
VTA play a limited role in opioid reward.

Intra-SNr MOR antagonism increases heroin intake in rats

We then observed the effects of intra-SNr microinjections of
naloxonazine on heroin self-administration in rats (Fig. 4A,B).
We found that intra-SNr microinjections of naloxonazine (0, 2,
4 ng/0.5 pl/side) dose-dependently increased heroin self-admin-
istration. The naloxonazine-induced increases in heroin intake

were observed across three heroin doses (Fig. 4C-E). A three-
way ANOVA with naloxonazine dose as between-group factor
and heroin dose and phase (baseline vs test) as repeated-meas-
ures factors revealed a significant naloxonazine x heroin X
phase interaction (F440) = 11.48, p<<0.001). Post hoc tests
revealed the naloxonazine effect on the 0.0125 mg/kg/infusion
dose of heroin (Fig. 4C; F(5,0) = 4.15, p <0.05), 0.025 mg/kg/
infusion (Fig. 4D; F5 0, = 6.06, p <0.01), and 0.05 mg/kg/infu-
sion dose of heroin (Fig. 4E; F(;50) = 6.07, p < 0.01). The effects
of naloxonazine on heroin self-administration were long lasting
(up to 2 h), as indicated in Figure 4F.

We also observed the effects of intra-SNr microinjections
of naloxone, another more commonly used MOR antagonist, on
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The effects of SNr MOR blockade on reinstatement of heroin-seeking in rats. A, B, General experimental procedures. C, Lever responding on the active and inactive levers during

the last session of extinction and cue-induced reinstatement tests. Intra-SNr microinjections of naloxonazine failed to alter cue-induced reinstatement of drug-seeking. D, Lever responding on
the active and inactive levers during the last extinction and reinstatement sessions. Intra-SNr microinjections of naloxonazine dose-dependently inhibited 1 mg/kg (i.p.) heroin-primed reinstate-
ment of drug-seeking. E, F, Postexperimental histologic examination results, illustrating the locations of the intra-SNr microinjections. *p << 0.05 compared with the vehicle control group

(n=8or 9 per group).

heroin self-administration in rats. Bilateral microinjections of
naloxone (0, 3, 10 pg//0.5 pl/side) into the SNr did not signifi-
cantly alter the total numbers of heroin infusions earned during
a 3 h test session. By examining the time course of heroin
self-administration, we found that naloxone dose-dependently
increased heroin self-administration in the first 20min of the
self-administration session (Fig. 4G), suggesting that its effect
was short lasting.

Intra-SNr MOR antagonism reduces heroin-primed
reinstatement

Next, we examined whether MORs in the SNr are involved in
relapse to heroin-seeking in rats. In this experiment, we first
trained rats for heroin self-administration paired with a complex
light/tone cue, followed by extinction of operant responding
without the cues previously paired with heroin infusions (Fig.
5A,B). Then the rats were first tested in a cue-induced reinstate-
ment procedure (Wang et al., 2015). Reexposure to the heroin-
associated cues reinstated drug-seeking, which was not altered by
intra-SNr microinjections of naloxonazine (Fig. 5C). A three-
way ANOVA with naloxonazine dose as between-group factor
and lever and phase (extinction vs reinstatement) as repeated-

measures factors revealed a significant lever x phase interaction
(F(2,23) = 1.55, p < 0.001), but not naloxonazine x lever x phase
interaction. Post hoc test revealed a significant cue-induced rein-
statement effect (Fig. 5C; F(; »3) = 55.35, p < 0.001).

Rats then continued daily heroin self-administration for 7d
and then followed by extinction training until the extinction cri-
teria were met (<20 lever presses for three consecutive sessions).
Heroin priming (1 mg/kg, i.p.) produced robust reinstatement of
drug-seeking, which was dose-dependently attenuated by intra-
SNr microinjections of naloxonazine (Fig. 5D). A three-way
ANOVA with naloxonazine dose as between-group and lever
and phase as repeated-measures factors revealed a significant
naloxonazine X lever x phase interaction (F(5,;) = 9.03, p <
0.01). Post hoc test revealed a significant naloxonazine effect on
reinstatement (F( 1) = 8.33, p < 0.001). After the completion of
the behavioral test, we verified the microinjection loci histologi-
cally. All the microinjections were located within the SNr, as
shown in Figure 5E,F.

Optogenetic activation of VT A DA neurons is rewarding
There is evidence supporting the role of DA neurons in opioid
reward, as described above. But some studies refute the DA



Galajetal. @ GABA Neurons in VTA versus SNr in Opioid Reward

A B

AAV-ChR2-eYFP or 473nm or
AAV-NpHR-eYFP 532nm

J. Neurosci., November 11, 2020 - 40(46):8853-8869 - 8861

DAT-Cre
F (olCSS)
E (oICSS) "
Laser © 5% paT.cre/chR2
(473 nm) e
2 “*] [ oo
— 8 300 | » o4
= I
i= /!
.g hat 7‘/' ~@— SNc - 0ICSS (nu7)
1 2 o] & ®- VTA-0ICSS (n=6)
‘ VTA or SNc 1 § 10 25 50 100 ChR2 in VTA DA neurons
Stimulation Frequency (Hz)
H (RTPP) I J (Heroin SA + Laser)
100 @ DAT-cre / ChR2 (n=8) Laser
@ L (532nm) =
° * %9 DAT-cre / NpHR Laser OFF
3 ‘e 80 é/‘ . Laser ON
® T 40
w260 // s
—© [ o 7]
< > —@ 3 3%
~ 40 Y= * *
§§ £ 20
= 20 Laser OFF Laser ON [
c Q
o I 10
0 — - -~ - - ——
1 2 3 4 5 & 0
Time (day) Test1 Test2
K (Representative heroin SA records)
y R DAT-Cre -#2
Laser OFF DAIECRE! sat Laser OFF
Laser ON Laser ON

T T

20 40 60 8 100 120 140 160 180
Time (min)

NN R I B
0

Figure 6.

TR [ | |

0 20 40 60 8 100 120 140 160 180
Time (min)

The effects of optogenetic manipulations of VTA DA neurons on heroin self-administration in DAT-cre mice. A, General experimental methods. B-D, Representative images showing

AAV-ChR2-eYFP expression in the VTA or SNc in DAT-cre mice. E, F, Optogenetic activation of DA neurons in the VTA or SNc is rewarding, as assessed by stimulation frequency-dependent 0lCSS
in DAT-cre mice (n=6 or 7 per group). G, Representative trace recording, indicating that DAT-cre mice with ChR2 expression in VTA DA neurons spent more time in the laser-paired compart-
ment. H, Experimental results of optical RTPP across six sessions indicate that activation of VTA DA neurons is rewarding (n = 8). I, J, Response-contingent optical inhibition of VTA DA neurons
caused a significant reduction in heroin self-administration in DAT-cre mice after stable intravenous heroin self-administration was achieved (n = 5). K, Representative heroin self-administration
records from 2 DAT-cre mice with NpHR expression on VTA DA neurons, indicating that response-contingent optical inhibition of VTA DA neurons inhibited heroin self-administration. Animals
displayed an extinction-like pattern of self-administration in the presence of laser stimulation, initial higher rates of responding followed by a progressive reduction in drug taking. *p << 0.05

compared to Laser Off conditions.

disinhibition hypothesis. To further address this issue, we exam-
ined whether optogenetic stimulation of DA neurons in the VTA
or SNc is rewarding. Figure 6A shows the general experimental
procedures. Figure 6B-D shows representative images of TH im-
munostaining and ChR2-eYFP expression in the VTA and SN,
respectively. We first trained DAT-cre mice to press lever for op-
tical self-stimulation of VTA DA neurons or SNc DA neurons
(Fig. 6E). We found that optogenetic activation of DA neurons
in either the VTA or SNc is rewarding. Both groups of mice

displayed classical sigmoid-shape stimulation frequency-depend-
ent oICSS (Fig. 6F). We then used the optical RTPP procedure to
confirm the above finding. Figure 6G shows a representative
tracing record, illustrating that the animal spent more time in
the RTPP chamber paired with the laser stimulation of VTA DA
neurons. Optogenetic stimulation of VTA DA neurons produced
robust place preference in DAT-cre mice (Fig. 6H; one-way
ANOVA with session as a repeated-measures factor, F(s3s) =
29.79, p < 0.001).
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Optogenetic inhibition of VT A DA neurons inhibits heroin
self-administration

We then hypothesized that, if opioid reward was mediated by
disinhibition of VTA DA neurons, optogenetic inhibition of
VTA DA neurons should inhibit heroin self-administration. To
test this hypothesis, we first trained DAT-cre mice to self-admin-
ister heroin until stable responding was achieved. On the test
day, each active lever responding led to a delivery of a heroin
infusion and optical stimulation to inhibit VTA DA neurons. In
DAT-cre mice with VTA NpHR expression in VTA DA neurons
(Fig. 6I), response-contingent optogenetic inhibition of DA neu-
rons (532nm, 10 mW/side, constant, 20 s) caused a significant
reduction in intravenous heroin self-administration (Fig. 6]). A
two-way ANOVA with Laser (On/Off) and test as repeated-
measures factors revealed a significant Laser effect (F(; 4y = 15.85,
p < 0.05). Figure 6K shows the patterns of heroin self-adminis-
tration in the absence or presence of laser stimulation. The
animals displayed an extinction-like pattern of heroin self-
administration - an initial higher rate of responding followed by
a progressive reduction in drug taking, suggesting that inactiva-
tion of VTA DA neurons substantially reduced opioid reward,
resulting in the cessation of responding for heroin.

Optogenetic activation of VT A GABA neurons does not alter
heroin self-administration

As stated above, opioid reward has been thought to be mediated
by opioid-induced inhibition of VTA GABA neurons that leads
to disinhibition of VTA DA neurons. If this is true, optical acti-
vation of VTA GABA neurons should inhibit heroin self-admin-
istration. To test this hypothesis, VGAT-cre mice with ChR2
expression in VT'A GABA neurons were first trained for heroin
self-administration (Fig. 7A,B). After stable self-administration
was achieved, each active lever responding led to a delivery of a
heroin infusion and optical stimulation to activate VTA GABA
neurons (Fig. 7B,C). Unexpectedly, response-contingent optical
activation of VTA GABA neurons failed to alter heroin self-
administration maintained by three different doses of heroin
(Fig. 7D). Separate one-way ANOVAs with session as a repeated-
measures factor did not reveal significant session main effects in the
presence or absence of the laser stimulation (for 0.1 mg/kg/infusion
dose of heroin, the last three sessions: F, 15 = 0.02, p > 0.05; for
0.05 mg/kg/infusion dose of heroin: F,4 = 1.32, p>0.05; for
0.025 mg/kg/infusion dose of heroin: Fy,4 = 0.96, p>0.05). To
determine whether optogenetic stimulation of VTA GABA neu-
rons, which failed to alter heroin self-administration, can induce
any behavioral changes in VGAT-cre mice, we examined place pref-
erence in response to the same laser stimulation in a RTPP para-
digm. We found that optical stimulation of VTA GABA neurons
produced robust place aversion in vGAT-cre mice (Fig. 7E). A one-
way ANOVA with session as a repeated-measures factor revealed a
significant session main effect (Fig. 7E; F(s45) = 17.22, p < 0.001).
Post hoc test for multiple group comparisons revealed a significant
reduction in the time spent in the laser-paired chamber compared
to the time in the chamber without laser stimulation. To confirm
this unexpected finding, an additional group of vGAT-cre mice
with ChR2 expression in VT'A GABA neurons were initially trained
to self-administer cocaine (0.5 mg/kg/infusion) until stable self-
administration was achieved. We found that response-contingent
optical activation of VT'A GABA neurons significantly inhibited co-
caine self-administration (Fig. 7F; F5,10) = 6.37, p < 0.05). Figure
7G shows the patterns of cocaine self-administration, illustrating

Galaj etal. « GABA Neurons in VTA versus SNr in Opioid Reward

that optical activation of VT A GABA neurons substantially reduced
cocaine reward as assessed by the extinction-like pattern of self-
administration as described above. These findings suggest that VTA
GABA neurons may play a more important role in cocaine reward
than opioid reward. This is in line with our findings that the percent
of VTA GABA neurons expressing MOR mRNA is low and intra-
VTA microinjections of naloxonazine reduce self-administration of
the low, but not high, doses of heroin.

Optical stimulation of SNr GABA neurons decreases heroin
reward

Next, we examined whether optical stimulation of SNr GABA
neurons would decrease heroin self-administration. Figure 8A-C
shows the general experimental procedures and representative
images, illustrating AAV-ChR2-eYFP expression in SNr GABA
neurons. In this experiment, we first trained vGAT-cre mice for
intravenous heroin self-administration. During the test session,
each active lever response led to a delivery of a heroin infusion,
presentation of the light/tone cue and optical stimulation of SNr
GABA neurons. Figure 8D shows representative event records of
heroin self-administration in the presence or absence of optical
stimulation. Response-contingent optical activation of SNr
GABA neurons caused a significant increase in heroin self-
administration rates and a reduction in interinfusion intervals.
With optical stimulation, across different heroin doses, mice
showed increases in heroin self-administration rates but still
maintained a stable and evenly distributed pattern of responding
(Fig. 8D), similar to the pattern observed when heroin doses
were reduced (Fig. 8E, Laser Off conditions), suggesting a reduc-
tion in heroin reward after stimulation of SNr GABA neurons.
Figure 8E shows the averaged heroin dose-response curves, illus-
trating that optical activation of SNr GABA neurons significantly
shifted a heroin dose-response curve upward. A two-way
ANOVA with heroin and Laser (On/Off) as repeated-measures
factors revealed a significant heroin dose main effect (F 14y =
16.45, p <0.001) and laser main effect (F(; 7 = 5.99, p <0.01).
We also examined the effects of optogenetic stimulation of SNr
GABA neurons on nondrug reinforcement-food self-administra-
tion (Fig. 8F). We found that that response-contingent activation
of SNr GABA neurons had no effect on food self-administration
(Fig. 8F). These findings suggest that ChR2-induced stimulation
of SNr GABA neurons selectively reduced the rewarding effects
of heroin, in a similar way as pharmacological blockade of SNr
MORs did.

Optical stimulation of SNr GABA neurons attenuates
heroin-primed reinstatement

We also explored the role of SNr GABA neurons in relapse to
opioid-seeking. After completion of the heroin self-administra-
tion experiments, the same group of mice underwent extinction
training, during which active lever presses were not reinforced
by heroin infusions or drug cues. During the reinstatement test,
each lever response led to reexposure of drug cues and optical
activation of SNr GABA neurons. In the absence of optical stim-
ulation (laser Off), heroin priming (1 mg/kg, i.p.) caused robust
reinstatement of drug-seeking, which was decreased by optical
activation of SNr GABA neurons in vGAT-cre mice (Fig. 8G). A
two-way ANOVA with phase and lever as repeated-measures
factors revealed a significant phase x lever interaction (Fz 19y =
20.96, p<0.001; post hoc test for Laser On/Off effect: F;5) =
16.42; p < 0.01).
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Figure 7.

The effects of optogenetic modulation of VTA GABA neurons on heroin or cocaine self-administration. A—C, General experimental procedures. D, Response-contingent optical activa-

tion of VTA GABA neurons failed to alter intravenous heroin self-administration in vGAT-cre mice (n=7) after stable self-administration was achieved. E, Optical activation of VTA GABA neurons
is aversive, as assessed by RTPP. vGAT-cre mice with ChR2 expression in VTA GABA neurons (n = 10) spent less time in laser-paired compartment. F, Response-contingent optical activation of
VTA GABA neurons inhibited intravenous cocaine self-administration in vGAT-cre mice. G, Representative cocaine self-administration records from 2 vGAT-cre mice, indicating that response-con-
tingent optical activation of VTA GABA neurons inhibited cocaine self-administration. *p << 0.05 as compared to the baseline or Laser Off conditions.

Optogenetic inhibition of SNr GABA neurons is rewarding

We also examined whether optical activation or inhibition of
SNr GABA neurons is rewarding or aversive in a way similar to
manipulation of VTA GABA neurons. In this experiment, three
groups of VGAT-cre mice received intra-SNr microinjections of
AAV-ChR2, AAV-NpHR, or AAV-eYFP, respectively (Fig. 94,
B). In contrast to the finding in the VTA, optogenetic activation
of SNr GABA neurons was neither rewarding nor aversive, as
assessed by RTPP (Fig. 9C,D). In contrast, optogenetic inhibition
of SNr GABA neurons was rewarding (Fig. 9C,D). A two-way

ANOVA with session as repeated-measures factor and AAV
expression as between-group factor revealed a significant session x
group interaction (F(jo90) = 3.16, p<<0.01; post hoc test for the
AAV NpHR effect: F(5 40) = 13.98, p < 0.001). Mice transfected with
NpHR spent ~65% of the time spent in the laser-paired compart-
ment (Fig. 9C,D), whereas those with the ChR2 or eYFP expression
in SNr GABA neurons spent similar amounts of time in both
compartments.

To confirm the above findings, we examined whether optoge-
netic inhibition of SNr GABA neurons can maintain oICSS
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Figure 8. Optical activation of SNr GABA neurons inhibits heroin reward and heroin-primed reinstatement in vGAT-cre mice. A, B, The general experimental procedures. C, Representative
images showing AAV-ChR2-eYFP expression in SNr GABA neurons. D, Representative heroin self-administration records in the presence or absence of optical stimulation of SNr GABA neurons.
E, Response-contingent optical activation of SNr GABA neurons potentiated heroin self-administration and shifted the heroin dose—response curve upward in vGAT-cre mice (n=38). F,
Response-contingent optical activation of SNr GABA neurons failed to alter food self-administration. G, Response-contingent optical activation of SNr GABA neurons inhibited heroin-primed rein-
statement of drug-seeking behavior in mice with a history of heroin self-administration. *p << 0.05 as compared to the Laser Off condition (E) or Extinction (G). ’p << 0.05 as compared to

Laser Off conditions (G).

(Fig. 9E). In this experiment, VGAT-cre mice with NpHR or
eYFP expression in SNr GABA neurons were trained to press a
lever for oICSS. Figure 9F shows representative active lever
responses observed within a 2 h session, illustrating robust
response-contingent active lever presses in vVGAT-Cre mice with
NpHR expression, but not in those with the control eYFP expres-
sion (Fig. 9F,G). A two-way ANOVA with AAV expression as
between-group factor and session as repeated-measures factor
revealed a significant AAV group X session interaction (Fig. 9G;
F11,143) = 2.71, p < 0.01; post hoc test for the AAV-NpHR group
effect: F(,13) = 15.83, p < 0.01).

Activation of SNr GABA neurons attenuates heroin- or
cocaine-induced hyperlocomotion

Last, we examined the effects of SNr GABA neuron activation
(Fig. 10A) or inhibition (Fig. 10D) on basal and heroin (or co-
caine)-induced locomotion. Activation of SNr GABA neurons
alone decreased (Fig. 10B, laser alone: F(, g, = 30.84, p < 0.001;
Fig. 10C, F(,8 = 5.08, p<<0.05), whereas optical inhibition of
SNr GABA neurons potentiated open-field locomotion (Fig.
10E, laser alone: F,g) = 28.16, p < 0.001; Fig. 10F, F(,5) = 5.08,
p<<0.01 as compared to the baseline). Systemic administration

of heroin (1 mg/kg, i.p.) significantly increased locomotor activ-
ity (Fig. 10B, F5 = 6.73, p<0.05; Fig. 10E, Fog5 = 11.23,
p < 0.01 as compared to the baseline), which was reduced by op-
tical stimulation of SNr GABA neurons in vGAT-cre mice (with
ChR2 expression in SNr GABA neurons) (Fig. 10B; Fg) =
21.81, p<<0.001), but not by optical inhibition of SNr GABA
neurons in mice with NpHR expression in SNr GABA neurons
(Fig. 10E). Similarly, optical stimulation of SNr GABA neurons
also reduced cocaine (10 mg/kg, i.p.)-induced hyperlocomotion
(Fig. 10C; F4,16) = 5.68, p < 0.05), whereas optical inhibition of
SNr GABA neurons failed to alter locomotor response to cocaine
(Fig. 10F; Fo5) = 1.67, p > 0.05).

Verification of AAV-ChR2-eYFP expression in the brain

After the completion of the above behavioral tests, we examined
the locations of virus expression or fiber tips in the midbrain.
Since the virus injections were done via a 30-gauge removable
injector and the implanted optical fibers used for optical stimu-
lation are extremely thin (20 pm), it is technically very difficult
to find the injector or fiber trace in the postmortem brain tis-
sues. Alternatively, we examined the eYFP expression after
intra-VTA or intra-SNr virus injections. Figure 6B-D shows
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Optical inhibition of SNr GABA neurons is rewarding in vGAT-cre mice. A, General experimental procedures. B, Representative images, illustrating AAV-NpHR-eYFP expression in

SNr GABA neurons and their projections to the SNc. €, Representative locomotor tracing records, indicating that inhibition of SNr GABA neurons was rewarding in vGAT-cre mice (with NpHR
expression in SNr GABA neurons), whereas optical activation of SNr GABA neurons in vGAT-cre mice (with ChR2 expression in SNr GABA neurons) was neither rewarding nor aversive. vGAT-cre
mice with SNr NpHR-eYFP expression (n = 9) spent more time on the green laser (532 nm)-paired compartment, but no change in place preference was observed in vGAT-cre mice transfected
with SNr ChR2-eYFP expression (n=6). D, Optical RTPP across 5 consecutive test sessions, illustrating that only vGAT-cre mice with NpHR expression in SNr GABA neurons showed significant
laser-paired place preference. E, The general experimental procedures of olCSS. F, Representative olCSS records, illustrating that vGAT-cre mice with intra-SNr NpHR microinjections exhibited ro-
bust olCSS, whereas in mice with intra-SNr AAV-eYFP control virus microinjections did not. G, The time courses of olCSS during 12 d of olCSS training, indicating that optical inhibition of SNr
GABA neurons is rewarding. *p << 0.05 as compared to the baseline (BL) (D) or eYFP control virus group (G).

the eYFP expression in DA neurons in the VTA or SNc
neurons, indicating that AAV vectors were injected in the desig-
nated regions. Figures 8C and 9B show eYFP expression in the
SNr after intra-SNr virus injections. Figure 11 shows the images
from 2 additional vGAT-cre mice (Fig. 11A,B), illustrating that
eYFP is expressed mainly in the SNr, not in the SNc or VTA.
Figure 11B, C shows eYFP expression under higher magnifica-
tions, illustrating that eYFP-expressing GABA neurons are found
mainly in the SNr, whereas a very few eYPF-expressing neurons
are found in the SNc. In addition, direct GABAergic projections
from the SNr to the SNc can be seen in Figure 11A-C.

Figure 11D shows a summary diagram, highlighting the major
findings in this study that more MORs are expressed in SNr GABA
neurons than in VTA GABA neurons and that MORs in GABA
neurons in the SNr (or SNr — SNc GABA pathway) play a more
important role than in the VTA in opioid reward and relapse.

Discussion

The main findings in the present study are as follows: (1) there is
no convincing evidence supporting a critical role of VTA GABA
neurons in opioid reward, as indicated by the low level of MOR
expression in VTA GABA neurons and the absence of effects of
optogenetic activation of VTA GABA neurons on heroin self-
administration; and (2) our findings from gene to behavior indi-
cate that GABA neurons in the SNr play a critical role in opioid
reward and relapse.

Mesolimbic DA is important in opioid reward

Early electrophysiological studies indicate that stimulation of
MORSs can directly inhibit VTA GABA neurons, leading to rapid
excitation of neighboring VT'A DA neurons (Gysling and Wang,
1983; Johnson and North, 1992; Margolis et al., 2014). This
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Figure 10.

The effects of optical manipulation of SNr GABA neurons on basal and heroin (or cocaine)-enhanced locomotion. A, General experimental procedures with intra-SNr AAV-ChR2-

eYFP microinjections (n=5). B, Optical activation of SNr GABA neurons decreased basal level of locomotion and attenuated heroin (1 mg/kg, i.p.)-induced hyperlocomotion. €, Optical activation
of SNr GABA neurons also attenuated cocaine (10 mg/kg, i.p.)-induced increases in open-field locomotion. D, General experimental procedures with intra-SNr AAV-NpHR-eYPF microinjections
(n=5). E, Optogenetic inhibition of SNr GABA neurons potentiated basal level of locomotion but failed to alter heroin-induced increased in locomotion. F, Optical inhibition of SNr GABA neu-
rons also failed to alter cocaine-induced increases in locomotion. *p << 0.05 compared to baseline before drug injection or laser stimulation. *p << 0.05 compared to heroin or cocaine alone

group.

canonical two-neuron model hypothesis was supported by a series
of behavioral findings, as discussed in the Introduction and in other
reports (Galaj et al., 2020b; Fields and Margolis, 2015). It is also sup-
ported by a recent finding that heroin can activate a subpopulation
of DA neurons in the medial part of the VTA that project to the
medial shell of the NAc (Corre et al,, 2018). Chemogenetic inhibi-
tion of VIA DA neurons decreased heroin self-administration
(Corre et al.,, 2018). As mentioned in the Introduction, these find-
ings have been challenged by other studies, suggesting that DA plays
a more important role in psychostimulant than opioid reward
(Ettenberg et al.,, 1982; Hnasko et al., 2005; Badiani et al., 2011). In
the present study, we demonstrated that optogenetic activation of
VTA DA neurons is rewarding, whereas activation of VTA GABA
neurons is aversive, as assessed by optogenetic RTPP and oICSS.
The latter finding is consistent with a previous report (Tan et al,,
2012). Importantly, response-contingent optogenetic inhibition of
VTA DA neurons decreased heroin self-administration. These new

findings provide additional behavioral evidence supporting the role
of DA in opioid reward.

VTA GABA neurons play a limited role in opioid reward

Another important finding in the present study is that VTA
GABA neurons play a limited role in opioid reward, as indicated
by the findings that optogenetic activation of VTA GABA neu-
rons failed to alter heroin self-administration, but significantly
inhibited cocaine self-administration in vGAT-Cre mice. In
addition, intra-VTA microinjections of naloxonazine partially
attenuated heroin reward only when the heroin dose was very
low (0.0125 mg/kg/infusion). These findings directly challenge
the VTA GABA-DA hypothesis. In line with our findings are
previous studies reporting a low level of MORs in the VTA
(Tempel and Zukin, 1987; Méndez et al., 2003) and demonstrat-
ing that VT'A DA neurons receive dense GABAergic inputs from
brain regions, such as the NAc, ventral pallidum, and RMTg
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Figure 11.

(SNr — SNc — dorsal striatum) DA circuits underlie opioid reward and relapse.

(Vaccarino et al., 1985; Martin et al., 2002; Jalabert et al., 2011;
Matsui and Williams, 2011; Jhou et al., 2012; Lecca et al.,, 2012;
Matsui et al., 2014; Steidl et al., 2017). Recent studies suggest that
RMTg GABA neurons might be one of the major targets that
opioids act (Jhou et al., 2012; Matsui et al., 2014; Steidl et al.,
2017). VTA DA neurons are modulated mainly by GABAergic
afferents from the RMTg rather than local GABA neurons in the
VTA (Jhou et al., 2009; Jalabert et al., 2011; Steidl et al., 2015).

MORs are highly expressed in GABA neurons in the SNr and
RMTg

A third important finding in this study is that the MOR mRNA
is highly expressed in GABA neurons in the SNr and the tail of
the VTA (RMTg), not in DA neurons in the VTA or SNc. By
using double immunostaining and RNAscope ISH assays, we
found that a majority of SNr and RMTg neurons are GABAergic
and a vast majority of VTA and SNc neurons are dopaminergic.
There are ~70% of GABA neurons in the RMTg that express
MORs and ~50% of GABA neurons in the SNr express MORs,
whereas in the VTA there are <30% of GABA neurons express-
ing MORs. These findings at least partially explain why optoge-
netic activation of VTA GABA neurons or intra-VTA blockade
of MORs failed to significantly alter heroin self-administration as
shown in the present study.

The SNr: a critical hub in the nigrostriatal DA system
An unexpected finding is that optogenetic stimulation of DA
neurons in the SNc is also rewarding, as assessed by oICSS in

Verification of the locations of viral expression in the brain after the completion of the optogenetic experiments. 4,
Representative images from another vGAT-cre mouse, showing eYFP expression in the SNr, which project to the SNc. B,
Representative images under high magnifications (60x), illustrating that eYFP-expressing GABA neurons are mainly located in
the SNr (B), not in the SNc (). D, Summary diagram, illustrating that more MORs are expressed in GABA neurons in the SNr
than in the VTA and SNr GABA neurons project to SNc DA neurons. Thus, both the mesolimbic (VTA — NAc) and nigrostriatal
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DAT-cre mice, to a degree similar to
optogenetic stimulation of VTA DA
neurons, suggesting an important role
of SNc DA neurons in brain reward
function (Rossi et al., 2013; Tlango et
al,, 2014). The SNr is anatomically ad-
jacent to the SNc and functionally
modulates SNc DA neuronal activity.
DA neurons in the SNc receive dense
GABAergic projections from the
SNr, as shown here and by others
(Sanderson et al., 1986; Deniau and
Chevalier, 1992; Tepper and Lee,
2007), and project mainly to the dorsal
striatum (Ungerstedt, 1976; Hattori et
al,, 1991).

This nigrostriatal DA system is tra-
ditionally thought to modulate loco-
motion (Ungerstedt, 1976). However,
growing evidence indicates that this
system is also involved in brain reward
function. Earlier studies indicate that
electrical stimulation of the SNc is
rewarding (Corbett and Wise, 1980;
Wise, 1981; Rossi et al., 2013). In the
present study, we found that optoge-
netic inhibition of SNr GABA neurons
is also rewarding, as assessed by oICSS
in vGAT-cre mice. However, little is
known about how SNr GABA neurons
modulate brain reward function.

Several lines of evidence suggest
that SNr GABA neurons synapse on
SNc¢ DA neurons and modulate DA
neuron activity. For example, intra-
venous administration of morphine
decreases the activity of SNr GABA neurons but increases the fir-
ing rate of SNc DA neurons (Finnerty and Chan, 1979; Hommer
and Pert, 1983; Melis et al., 2000). Similarly, intra-SNr applica-
tion of morphine excites SNc DA neurons and increases striatal
DA release (Matthews and German, 1984; You et al., 1996).
Local injections of the DIR agonist SKF 38393 into the dorsal
striatum increases GABA release in the ipsilateral SNr, followed
by prolonged decreases in the striatal DA release (You et al.,
1994). In the present study, we found that eYFP-expressing
GABA neurons in the SNr may directly project to the SNc. Thus,
the rewarding effects produced by inhibition of SNr GABA neu-
rons may be mediated by disinhibition of SNc DA neurons.

The SNr is critically involved in opioid reward and relapse

As stated above, in the SNr, ~50% of GABA neurons express
MORs, suggesting importance of SNr MORs in opioid reward.
Since the SNr has been largely ignored in opioid research, we
extensively explored the role of MORs in SNr GABA neurons in
opioid reward and relapse in this study. Intra-SNr microinjec-
tions of the MOR antagonists increased heroin self-admini-
stration. Given that naloxonazine-induced changes in the
self-administration pattern resemble the changes observed when
the heroin dose is reduced, we interpret naloxonazine-induced
increases in heroin self-administration as compensatory increase
due to a reduction in opioid reward (Yokel and Wise, 1976). To
further determine the role of SNr GABA neurons in opioid
reward, we used optogenetic approaches to manipulate SNr
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GABA neurons in vGAT-cre mice. We found that activation of
SNr GABA neurons was neither rewarding nor aversive, which
contrasts with the aversive effects produced by optical activation
of VTA GABA neurons. However, inhibition of SNr GABA neu-
rons was rewarding, suggesting that SNr GABA neurons are ton-
ically activated under physiological conditions. In addition,
optogenetic activation of SNr GABA neurons decreased heroin
reward (in a manner similar to MOR antagonism) and heroin-
primed reinstatement, suggesting the involvement of SNr GABA
neurons in opioid-induced behaviors. These findings suggest
that opioids may also activate the nigrostriatal DA pathway, pro-
ducing rewarding effects, which well explains why selective
blockade or chemical lesions of DA terminals in the NAc selec-
tively altered cocaine, but not heroin, self-administration or con-
ditioned place preference (Ettenberg et al, 1982; Pettit et al,
1984; Dworkin et al., 1988; Gerrits et al., 1994; Badiani et al.,
2011; Nutt et al.,, 2015).

We note that optogenetic inhibition of VTA DA neurons
caused decreases, whereas optogenetic activation of SNr GABA
neurons caused increases, in heroin self-administration rates.
One possible explanation for the opposite behavioral alterations
related to a reduction of opioid reward is that inhibition of DA
neurons causes a substantial loss in opioid reward, leading to a
reduction or cessation in heroin self-administration. In contrast,
activation of SNr GABA neurons may cause only a partial reduc-
tion in opioid reward, leading to a compensatory increase in
drug intake. This is consistent with previous reports that DA re-
ceptor antagonism produces biphasic effects on drug self-admin-
istration: low doses of DA receptor antagonists partially reduce
drug reward leading to compensatory increases in responding,
whereas high doses of DA receptor antagonists cause a substan-
tial loss in drug reward, resulting in cessation of responding
(Yokel and Wise, 1976).

In conclusion, in this study, we found that VTA GABA neu-
rons play a limited role in opioid reward, which challenges the
traditional dogma that opioid reward is mediated by stimulation
of MORs in VTA GABA neurons. In contrast, we identified
MORs in GABA neurons in the SNr and RMTg that appear to be
important elements of the mesolimbic and nigrostriatal DA cir-
cuitries involved in opioid reward and relapse.
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