
Systems/Circuits

Synaptic Regulation by OPRM1 Variants in Reward
Neurocircuitry

Dina Popova,1,2 Nidhi Desai,1,2 Julie A. Blendy,3 and X Zhiping P. Pang1,2

1Child Health Institute of New Jersey, 2Department of Neuroscience and Cell Biology, Rutgers Robert Wood Johnson Medical School, New Brunswick,
New Jersey 08901, and 3Department of Systems Pharmacology and Translational Therapeutics, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania 19104

Mu-opioid receptors (MORs) are the primary site of action of opioid drugs, both licit and illicit. Susceptibility to opioid addiction is
associated with variants in the gene encoding the MOR, OPRM1. Varying with ethnicity, �25% of humans carry a single nucleotide
polymorphism (SNP) in OPRM1 (A118G). This SNP produces a nonsynonymous amino acid substitution, replacing asparagine (N40)
with aspartate (D40), and has been linked with an increased risk for drug addiction. While a murine model of human OPRM1 A118G
(A112G in mouse) recapitulates most of the phenotypes reported in humans, the neuronal mechanisms underlying these phenotypes
remain elusive. Here, we investigated the impact of A118G on opioid regulation of synaptic transmission in mesolimbic VTA dopami-
nergic neurons. Using electrophysiology, we showed that both inhibitory and excitatory inputs to VTA dopaminergic neurons projecting
to the NAc medial shell were suppressed by the MOR agonists DAMGO and morphine, which caused a shift in the excitatory/inhibitory
balance and an increased action potential firing rate. Mice carrying the 112G/G allele exhibited lower sensitivity to DAMGO and morphine
compared with major allele carriers (112A/A). Paradoxically, DAMGO produced facilitatory effects on mEPSCs, which were mediated by
presynaptic GABAB receptors. However, this was only prominent in homozygous major allele carriers, which could explain a stronger
shift in action potential firing in 112A/A mice. This study provides a better understanding on the neurobiological mechanisms that may
underlie risk of addiction development in carriers of the A118G SNP in OPRM1.
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Introduction
Opioid addiction is a chronic, progressive disorder that in part
underlies the current epidemic of deaths due to overdose in the

United States. Susceptibility to opioid addiction has been associ-
ated with mu- opioid receptor (MOR) gene (OPRM1) variants
(Lötsch and Geisslinger, 2005). Of these, A118G (rs1799971) is
one of the most prominent nonsynonymous single nucleotide
polymorphisms (SNPs), which has been found to have the high-
est overall allelic frequency of all of the OPRM1 coding region
variants (Bond et al., 1998). The A118G SNP in OPRM1 replaces
asparagine (N40) with aspartate (D40) in the MOR, and N40D
variants are linked to both drug and alcohol use disorders in
several model systems. However, the results are inconsistent,
which may be explained by variations in the genetic backgrounds
between different ethnic groups (Ray and Hutchison, 2004;
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Significance Statement

The pandemic of opioid drug abuse is associated with many socioeconomic burdens. The primary brain target of opioid drugs is
the �-opioid receptor (MOR), encoded by the OPRM1 gene, which is highly polymorphic in humans. Using a mouse model of the
human OPRM1 A118G single nucleotide polymorphism (SNP) (A112G in mice), we demonstrated that MOR and GABAB signaling
coordinate in regulating mesolimbic dopamine neuronal firing via presynaptic regulation. The A118G SNP affects MOR-mediated
suppression of GABA and glutamate release, showing weaker efficacy of synaptic regulation by MORs. These results may shed light
on whether MOR SNPs need to be considered for devising effective therapeutic interventions.
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Ehlers et al., 2008; Miranda et al., 2010; Koller et al., 2012; Enoch,
2013). A more recent epidemiological study, using a large subject
pool, also argued against the link between A118G and alcohol use
(Sloan et al., 2018). However, in these clinical studies, a host of
potential covariates of addiction severity makes it impossible to
isolate the effects of this genotype alone. Therefore, the Oprm1
A112G mouse model was developed to mimic the human
OPRM1 A118G SNP by generating mice with the equivalent mu-
tation through gene targeting (Mague et al., 2009). Remarkably,
these mice reproduce most of the phenotypes reported for the
human OPRM1 SNP, including altered morphine-mediated an-
tinociception, the rewarding properties of morphine, and the
response to naloxone-precipitated morphine withdrawal. In ad-
dition, it was found that the Oprm1 A112G SNP alters MOR
N-linked glycosylation and protein stability (Huang et al., 2012;
Wang et al., 2012), affects heroin self-administration (Zhang et
al., 2015), increases sociability and dominance, and confers resil-
ience to social defeat (Briand et al., 2015). However, the func-
tional role of A118G in reward neurocircuitry remains elusive.

Opioids mediate their reinforcing properties by acting on the
mesolimbic dopaminergic (DA) system (Di Chiara and Im-
perato, 1988). Although it was demonstrated that opioids stimu-
late DA release through disinhibition of DA neurons, via
suppression of VTA inhibitory neurons (Johnson and North,
1992; Matsui et al., 2014), it was also reported that DA neurons in
the VTA receive inhibitory inputs from various brain regions
(Matsui et al., 2014). In addition, GABAAR-mediated synaptic
transmission can be inhibited by MOR activation (Johnson and
North, 1992; Bonci and Williams, 1997; Chieng et al., 2011; Mat-
sui et al., 2014). Glutamate release to VTA neurons has also been
reported to be regulated by the MOR (Bonci and Malenka, 1999;
Chen et al., 2015). Moreover, due to the high heterogeneity of
VTA neurocircuitry, overall responses of DA neurons to opioids
are diverse (Margolis et al., 2014).

To reveal the functional impact of the Oprm1 SNP A112G on
synaptic transmission in reward circuitry, we used slice physiol-
ogy to investigate how this SNP influences VTA DA neuronal
function. We examined a specific population of VTA DA neurons
that project to the NAc medial shell (mAcbSh), which is involved
in motivation for both natural rewards and drugs of abuse (Kauer
and Malenka, 2007; Lammel et al., 2011). We found that the
Oprm1 A112G SNP has a profound influence on the regulation of
opioid signaling in these VTA-to-mAcbSh-projecting neurons.
DAMGO significantly suppressed both inhibitory and excitatory
neurotransmitter release onto VTA DA-to-mAcbSh neurons in
112A/A, but not in 112G/G mice, indicating differential expres-
sion or signaling of the MOR. As a consequence, the functional
output for MOR regulation of DA neuronal firing is different
between the A- and G-allele carriers, and this will likely impact
differential behavioral outcomes for drugs of abuse.

Materials and Methods
Animals. All animal experiments were done in accordance with the Rut-
gers Robert Wood Johnson Medical School Institutional Animal Care
and Use Committee. To specifically target the VTA DA neurons, Oprm1
A112G mice (Mague et al., 2009) were crossed with DAT-IRES-Cre mice
(The Jackson Laboratory, stock #006660) (Zhuang et al., 2005). Animals
were group housed and kept under a 12 h light/dark cycle, with food and
water available ad libitum. Only adult male mice between 6 and 10 weeks
old were used in this study.

Locomotor behavior. Locomotor activity was monitored with the
SmartCage system (AfaSci) and analyzed with CageCenter software
(AfaSci). On days 1–3, animals of both genotypes were tested for baseline
response with saline injections, and their activity was monitored for 40

min. On days 4 – 8, all animals received morphine injections (10 mg/kg,
i.p.), and their locomotor activity was measured for 40 min following the
injection.

Stereotactic surgery. Stereotactic injections were performed under iso-
flurane anesthesia (5% isoflurane for induction and 1.5%–2% during the
surgery) using a stereotactic instrument (M1900, Kopf Instruments). For
mAcbSh-projecting VTA neuronal labeling, mice were injected bilater-
ally with 0.25 �l of red fluorescent RetroBeads (Lumafluor) using the
following coordinates: anteroposterior 1.8 mm, mediolateral �0.6 mm,
dorsoventral �4.1 mm. For labeling of DA VTA neurons, we used AAV-
EF1a-DIO-EYFP virus (Vector Core at the University of North Caro-
lina). We delivered 0.6 –1 �l of virus bilaterally using the following
coordinates: anteroposterior �3.5 mm, mediolateral �0.3 mm, dorso-
ventral �4.2 mm. Electrophysiology was performed 14 –21 d after injec-
tion. Analyses of the injection sites were routinely performed, and
animals with misplaced injections were discarded from further
experiments.

Slice electrophysiology. Mice were deeply anesthetized with Euthasol
and transcardially perfused with ice-cold oxygenated (95% O2/5% CO2)
aCSF containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 25 NaHCO3, 2.5 glucose, 50 sucrose, 0.625 CaCl2, and 1.2
MgCl2, and coronal midbrain slices (300 �m) containing VTA region
were cut. Then slices recovered for 30 min at 30°C in oxygenated (95%
O2/5% CO2) aCSF containing the following (in mM): 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 25 NaHCO3, 2.5 glucose, 22.5 sucrose, 2.5 CaCl2, and 1.2
MgCl2. Electrophysiological recordings were performed in the same so-
lution with perfusion rate of 2 ml per min at 37°C. All recordings were
performed only with neurons containing both EYFP and red RetroBeads.
Patch pipettes (4 – 6 M�) were pulled from borosilicate glass. For whole-
cell voltage-clamp recordings, a cesium-based internal solution was used,
containing the following (in mM): 40 CsCl, 90 K-gluconate, 10 HEPES,
0.05 EGTA, 1.8 NaCl, 3.5 KCl, 1.7 MgCl2, 2 Mg-ATP, 0.4 Na4-GTP, and
10 phosphocreatine, pH 7.2. For whole-cell current-clamp recordings
and cell-attached recordings, a potassium-based internal solution was
used, containing the following (in mM): 126 K-gluconate, 4 KCl, 10
HEPES, 0.05 EGTA, 4 Mg-ATP, 0.3 Na4-GTP, and 10 phosphocreatine,
pH 7.2. Whole-cell patch-clamp recordings were performed using an
Axon 700B amplifier. Data were filtered at 2 kHz, digitized at 10 kHz, and
collected using Clampex 10.6 (Molecular Devices). To evaluate the ef-
fects of MOR-mediated responses 0.1–10 �M DAMGO (Hellobio), 1 �M

naltrexone (Hellobio), and 0.1–10 �M morphine were used. To record
sEPSCs, picrotoxin (50 �M, Tocris Bioscience) was added to block
GABAAR-mediated currents. To record sIPSCs, CNQX (20 �M, Enzo
Life Science) was added to block glutamate receptor-mediated current
responses. To block GABABR-mediated synaptic transmission, CGP
55845 (1 �M, Tocris Bioscience) was used. TTX (1 �M, Enzo Life Science)
was used to block action potentials (APs) to isolate mEPSCs and mIPSCs.
Electrophysiological data were analyzed using ClampFit 10.6 software.

Immunohistochemistry. Animals were deeply anesthetized with Eutha-
sol and transcardially perfused with PBS, pH 7.4, followed by chilled 4%
PFA in PBS. Brains were removed from the skull after perfusion and
postfixed in 4% PFA overnight at 4°C. Coronal sections (50 �M) were
prepared with a vibratome.

Brain slices containing the VTA were incubated in a blocking reagent
containing 3% BSA (Sigma-Aldrich) in PBS with 0.2% Triton X-100
(Sigma-Aldrich). The following primary antibodies (1:1000 dilution
in PBS with 0.2% Triton X-100, overnight incubation at 4°C) were used:
anti-MOR (ab134054, Abcam); anti-vesicular GABA transporter
(VGAT, #131011, SYSY), anti-vesicular glutamate transporter 2
(VGluT2, #135411, SYSY), and anti-TH (ab1542, Millipore). Sections
were then washed in PBS and incubated with the appropriate secondary
antibodies (Molecular Probes, Invitrogen) for 1 h at room temperature.
Finally, sections were mounted on slides and covered with FluoroShield
mounting media, containing DAPI (Sigma-Aldrich). MOR KO mice
(Schuller et al., 1999) were used to validate the specificity of MOR stain-
ing. The images were obtained with an LSM 700 confocal microscope
(Carl Zeiss) using ZEN software.

Statistical analysis. The effects of MOR agonists (DAMGO or mor-
phine) as well as the GABABR antagonist were normalized to basal activ-
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ity in the absence of the drugs; that is, drug effects are defined as the
relative changes to the baseline (in the absence of drug) values. The effect
of drugs before and after the application in the same group of cells were
compared using paired t test. On normalized post-treatment data, one-way
ANOVA tests were used to evaluate the effects between genotypes. For cu-
mulative probability distribution, Kolmogorov–Smirnov (KS) tests were
used to evaluate pretreatment and post-treatment effects. Data were consid-
ered statistically significant if p � 0.05. All data are presented as � SEM, and
n values indicate the number of cells recorded/animals used.

Results
Activation of MORs produces differential effects on
locomotion and VTA-to-mAcbSh-projecting DA neurons in
Oprm1 112A/A and 112G/G mice
To unequivocally identify the VTA DA neurons in Oprm1 A112G
mice for functional analysis, we generated DAT-Cre:A112G dou-

ble knock-in mice by crossing A112G (Mague et al., 2009) and
DAT-IRES-Cre mouse lines (Zhuang et al., 2005). To evaluate
whether the DAT transgene affects A112G mouse behavior, we
tested morphine-induced hyperactivity. Consistent with a previ-
ous report (Mague et al., 2009), 112G/G animals showed reduced
hyperactivity induced by morphine administration (Fig. 1A).

To label the VTA DA neurons projecting to mAcbSh, we ste-
reotaxically delivered AAV-DIO-EYFP virus into the VTA and
red RetroBeads into the mAcbSh of the DAT-Cre:A112G mice
(Fig. 1B,C). Whole-cell patch-clamp recordings were performed
on these cells. As previously reported (Lammel et al., 2011), me-
solimbic mAcbSh-projecting DA neurons have small soma size
and high input resistance, and demonstrated spontaneous AP
(sAP) activity and minor or no detectable hyperpolarization-
induced currents (Fig. 1D–H). No obvious differences were ob-

Figure 1. Activation of MORs produces differential effects on locomotion and VTA-to-mAcbSh-projecting DA neurons in Oprm1 112A/A and 112G/G mice. A, Locomotor activity measurements of
double-transgenic DAT-ires-Cre:A112G mice after repeated morphine administration (one-way ANOVA, n � 7 for A/A and n � 7 for G/G mice). B, Schematic showing dual injection of AAV DIO-YFP
into VTA and red fluorescent RetroBeads into the mAcbSh. C, Fluorescence image showing representative example of the injection site with red RetroBeads in mAcbSh (left). Right, Retrogradely
labeled VTA DA neurons and confocal image showing TH immunostaining. Inset, A whole-cell patched VTA DA neuron. D, Representative traces of elicited APs in VTA-to-mAcbSh-projecting DA
neurons in 112A/A and 112G/G mice. E, Pooled data of capacitance in VTA-to-mAcbSh-projecting DA neurons. F, Pooled data of input resistance in VTA-to-mAcbSh-projecting DA neurons. G, Pooled
data of sAP firing in VTA-to-mAcbSh-projecting DA neurons. H, Representative traces of hyperpolarization pulse-induced current responses in VTA-to-mAcbSh-projecting DA neurons in 112A/A and
112G/G mice. Pooled data of sAP firing in VTA-to-mAcbSh-projecting DA neurons. I, Representative traces of sIPSCs and sEPSCs recorded from VTA-to-mAcbSh-projecting DA neurons from 112A/A
and 112G/G mice. J, Pooled data of sIPSC frequency and amplitude recorded from VTA-to-mAcbSh-projecting DA neurons. K, Pooled data of sEPSC frequency and amplitude recorded from
VTA-to-mAcbSh-projecting DA neurons. L, Representative traces of sAP firing in VTA-to-mAcbSh-projecting DA neurons in response to MOR agonist DAMGO (1 �M). M, Pooled data of individual DA
neuronal responses and cumulative probability plot of AP interevent intervals (IEIs) to application of DAMGO in major allele carriers. Left, One-way ANOVA ( p � 0.05), n � 15/7, cell numbers/mice.
Right, KS test ( p � 0.001). N, Pooled data of individual DA neuronal responses and cumulative probability plot of AP IEIs to application of DAMGO in minor allele carriers. Left, One-way ANOVA ( p �
0.05), n � 15/8, cell numbers/mice. Right, KS test ( p � 0.676). Data are mean � SEM. Number of neurons/number of animals are indicated in bars. Paired t-test was used to evaluate
within-genotype differences: *p � 0.05, **p � 0.01, ***p � 0.001.
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served in basal synaptic transmission, including both sEPSCs and
sIPSCs between mice carrying the A/A or G/G-alleles (Fig. 1I–K).
However, their sAP activities were differentially modulated by
the MOR agonist DAMGO. It strongly facilitated AP firing of the
VTA-to-mAcbSh-projecting DA neurons in the 112A/A com-
pared with 112G/G mice (112A/A: 2.0 � 0.2 Hz, n � 16/6, neu-
rons/mice, p � 0.001, paired t test; 112G/G: 1.3 � 0.09 Hz, n �
14/6, neurons/mice, p � 0.01, paired t test) (Fig. 1L–N). These
data suggest that VTA DA neurons in 112G/G mice are less sen-
sitive to MOR modulation, which correlates well with the behav-
ioral effects observed with morphine.

Effects of DAMGO and morphine on inhibitory synaptic
transmission in VTA-to-mAcbSh DA neurons in Oprm1
112A/G mice
To evaluate the impact of Oprm1 A112G on synaptic transmis-
sion in VTA DA-to-mAcbSh circuitry, we recorded sIPSCs in the
absence or presence of 1 �M DAMGO. In 112A/A mice, DAMGO
suppressed 80.8 � 2.5% in frequencies (n � 10/5, neurons/mice,
p � 0.01, paired t test) of overall inhibitory synaptic drive
(sIPSCs) onto DA neurons projecting to the mAcbSh, but in
112G/G mice, DAMGO only suppressed 60.4 � 5.2% (n � 8/4,
neurons/mice, p � 0.05, paired t test) of sIPSCs (Fig. 2A–D). To

Figure 2. DAMGO suppresses inhibitory synaptic strength in VTA-to-mAcbSh-projecting DA neurons in 112A/A and 112G/G mice. A, Representative traces of sIPSCs in VTA-to-mAcbSh-projecting
DA neurons in the presence or absence (control) of DAMGO (1 �M). B, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.001; 112G/G: KS test, p � 0.01) and amplitudes (112A/A: KS test,
p � 0.001; 112G/G: KS test, p � 0.559) for sIPSCs in the presence or absence (control) of DAMGO. C, Pooled data for normalized sIPSC frequency. D, Pooled data for normalized sIPSC amplitude. E,
Representative traces of mIPSCs in VTA-to-mAcbSh-projecting DA neurons in the presence or absence (control) of DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.001; 112G/G:
KS test, p � 0.01) and amplitudes (112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.873) for mIPSCs in the presence or absence (control) of DAMGO. G, Pooled data for normalized mIPSC frequency.
H, Pooled data for normalized mIPSC amplitude. I, J, Fluorescent image showing colocalization of MOR and VGAT in VTA (DA neurons labeled with antibodies against TH). K, Colocalization analysis
of VGAT and MOR immunofluorescence. Data are mean � SEM. Number of neurons/number of animals are indicated in bars. One-way ANOVA was used to evaluate between-genotype statistical
differences: *p � 0.05; **p � 0.01.

5688 • J. Neurosci., July 17, 2019 • 39(29):5685–5696 Popova et al. • Synaptic Regulation by OPRM1 Variants



discriminate whether the MOR acts presynaptically or post-
synaptically to DA neurons, we also recorded mIPSCs. We
observed that DAMGO suppressed the frequencies, but not
amplitudes, of mIPSCs in VTA DA neurons: 77.1 � 4.0% (n �
7/4, neurons/mice, p � 0.01, paired t test) and 51.8 � 8.2%
(n � 8/4, neurons/mice, p � 0.05, paired t test) in 112A/A and
112G/G, respectively, suggesting that the MOR reduced the
presynaptic release probability of GABA (Fig. 2E–H ). Using a
validated MOR-specific antibody, we then conducted immuno-

histochemistry to confirm that MORs are localized on presynap-
tic inhibitory terminals in the VTA. We labeled DA neurons using
antibodies specific for TH and GABAergic terminals with anti-
bodies against the VGAT. We found that VGAT and MOR
puncta are colocalized in the VTA region (Fig. 2I–K). Based on
these results, we concluded that MORs are present on inhibitory
synaptic terminals in the VTA of both A- and G-allele carriers,
and G-allele carriers are less responsive to the MOR agonist
DAMGO.

Figure 3. DAMGO suppresses excitatory synaptic transmission in VTA-to-mAcbSh-projecting DA neurons in 112A/A and 112G/G mice. A, Representative traces of sEPSCs in VTA-to-mAcbSh-
projecting DA neurons in the presence or absence (control) of DAMGO (1 �M). B, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.05) and amplitudes (112A/A:
KS test, p � 0.741; 112G/G: KS test, p � 0.693) for sEPSCs in the presence or absence (control) of DAMGO. C, Pooled data for normalized sEPSC frequency. D, Pooled data for normalized sIPSC
amplitude. E, Representative traces of mEPSCs in VTA-to-mAcbSh-projecting DA neurons in the presence or absence (control) of DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS test, p �
0.001; 112G/G: KS test, p �0.462) and amplitudes (112A/A: KS test, p �0.843; 112G/G: KS test, p �0.126) for mEPSCs in the presence or absence (control) of DAMGO. G, Pooled data for normalized
mEPSC frequency. H, Pooled data for normalized mEPSC amplitude. I, J, Fluorescent image showing colocalization of MOR and vesicular glutamate transporter 2 (VGlut2) in VTA DA neurons labeled
with antibodies against TH. K, Colocalization analysis of VGlut2 and MOR immunofluorescence. Data are mean � SEM. Number of neurons/number of animals are indicated in bars. One-way ANOVA
was used to evaluate between-genotype statistical differences: *p � 0.05; **p � 0.01.
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Effects of DAMGO on excitatory synaptic transmission in
VTA-to-mAcbSh DA neurons in Oprm1 112A/G mice.
Next, we evaluated the effect of DAMGO on excitatory synaptic
transmission in VTA DA neurons projecting to the mAcbSh. We
observed that MOR activation suppressed sEPSC frequency, but
not amplitude, and to a lesser degree in the 112 G/G mice: 62.5 �
5.6 (n � 10/6, neurons/mice, p � 0.001, paired t test) and 38.5 �
6.9% (n � 11/5, neurons/mice, p � 0.01, paired t test) in 112A/A
and 112G/G, respectively (Fig. 3A–D). We then tested the impact
of DAMGO on mEPSCs; and to our surprise, contrary to what we
observed in sEPSCs, we found that DAMGO increased mEPSC
frequency in 112A/A mice (105.9 � 27.6, n � 7/4, neurons/mice,
p � 0.05, paired t test), but not in 112G/G animals (17.4 � 6.8%,
n � 10/6, neurons/mice, p � 0.05, paired t test) (Fig. 3E–H).
Using immunohistochemistry, we confirmed that MORs have
some colocalization with vGluT2 (Fig. 3I–K). The discrepancy in
the effect on sEPSCs (suppression in both 112A/A and 112G/G
mice) and mEPSCs (facilitation in 112A/A and no change in
112G/G) was puzzling. However, based on the fact that DAMGO
also reduced GABA release (Fig. 2), we reasoned that it was pos-
sible that metabotropic GABAB receptors (GABABRs) positioned
at the excitatory presynaptic terminal could account for this phe-
nomenon. Important, GABABR-mediated regulation of gluta-
mate release was previously reported in the VTA (Chen et al.,
2015). The EPSCs were recorded only in the presence of picro-

toxin, a GABAA receptor blocker, which would mean that GABA
release per se was not affected. Thus, the reduction in GABA
release, most likely caused by MOR activation, reduced the
GABABR-mediated presynaptic inhibition of glutamate re-
lease. This inhibition was enhanced in the 112A/A mice likely
due to a stronger inhibitory effect on suppression of GABA
release by MORs. However, in the 112G/G mice, the reduced
suppression of GABA limited the extent of presynaptic inhi-
bition by GABABRs and resulted in less disinhibition of gluta-
mate release.

The interaction of presynaptic GABABRs and MORs in the
VTA-to-mAcbSh-projecting DA neurons and the impact of
Oprm1 112A/G SNPs
To test the hypothesis that presynaptic GABABRs in the VTA
modulate synaptic release, we recorded both EPSCs and IPSCs in
the presence of specific blockers for GABAA and AMPA recep-
tors, respectively, in the presence of the GABABR antagonist CGP
55845 (1 �M). We observed that the frequencies of sEPSCs,
sIPSCs, mEPSCs, and mIPSCs were all augmented (Figs. 4, 5),
suggesting that the strong tonic inhibition mediated by GABABRs
plays an important role in modulating synaptic inputs to VTA
DA neurons projecting to the mAcbSh. There were no differences
in the extent of GABABR-mediated regulation on synaptic release
between 112A/A and 112G/G mice (Figs. 4, 5). Interestingly, in

Figure 4. GABABRs regulate inhibitory synaptic inputs of VTA-to-mAcbSh-projecting DA neurons in 112A/A and 112G/G mice. A, Representative traces of sIPSCs in VTA-to-mAcbSh-projecting DA
neurons in the presence or absence (control) of the GABABR antagonist CGP 55845 (1 �M). B, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.01; 112G/G: KS test, p � 0.001) and
amplitudes (112A/A: KS test, p � 0.661; 112G/G: KS test, p � 0.681) for sIPSCs in the presence or absence (control) of CGP 55845. C, Pooled data for normalized sIPSC frequency. D, Pooled data for
normalized sIPSC amplitude. E, Representative traces of mIPSCs in VTA-to-mAcbSh-projecting DA neurons in the presence or absence (control) of CGP 55845. F, Cumulative probability plots of IEIs
(112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.05) and amplitudes (112A/A: KS test, p � 0.869, 112G/G: KS test, p � 0.764) for mIPSCs in the presence or absence (control) of CGP 55845. G,
Pooled data for normalized mIPSC frequency. H, Pooled data for normalized mIPSC amplitude. Data are mean � SEM. Number of neurons/number of animals are indicated in bars. One-way ANOVA
was used to evaluate between-genotype statistical differences.
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the presence of the GABABR antagonist, DAMGO suppressed
mEPSCs and mIPSCs in both 112A/A and 112G/G mice, but
with a stronger effect in A/A mice (Figs. 6, 7). Because
GABABRs and MORs are both GPCRs associated with Gi/Go
effectors (Bettler et al., 2004), the difference between 112A/A
and 112G/G can most likely be attributed to differences in
MOR-mediated signaling.

We also examined the dose dependency of DAMGO and mor-
phine on sIPSCs in the presence of the AMPA receptor blocker
(CNQX) and GABABR blocker (CGP 55845). We found that both
DAMGO and morphine suppressed the frequencies of sIPSCs in
a dose-dependent manner (Fig. 8). Importantly, DAMGO-
induced suppression of sIPSCs was reversible with administra-
tion of the MOR antagonist naltrexone. Interestingly, 112A/A
mice responded stronger to DAMGO administration (Fig. 8A–
C). Similarly, morphine also induced suppression of sIPSCs in
the VTA for both genotypes, in a dose-dependent manner, with a
stronger response in 112A/A mice (Fig. 8D–F). Although previ-
ous work has reported no obvious acute desensitization of presyn-
aptic MOR signaling (Fyfe et al., 2010; Pennock and Hentges, 2011;
Lowe and Bailey, 2015), in these mesolimbic mAcbSh-projecting
DA neurons, we observed some level of decreasing efficacy of

sIPSC suppression under longitudinal exposure of increasing
concentrations of DAMGO but not morphine (Fig. 8).

MORs and GABABRs orchestrate VTA-to-mAcbSh-projecting
DA neurocircuitry in Oprm1 112A/A and 112G/G mice
In the VTA-to-mAcbSh-projecting DA neurons, we found that
both inhibitory and excitatory synaptic inputs onto the VTA-to-
mAcbSh-projecting DA neurons are regulated by presynaptic
MORs. Furthermore, MORs in mice with the 112G/G allele were
less efficacious in regulating this circuitry (Figs. 3, 4). We dem-
onstrated that presynaptic GABABRs have similar efficacies in
modulating synaptic release in both 112A/A and 112G/G mice
(Figs. 4, 5) and MORs interact with GABABRs in the VTA (Figs. 6,
7). The basal AP firing of VTA-to-mAcbSh-projecting DA neu-
rons was 1.3 � 0.1 (A/A) and 1.3 � 0.1 (G/G); on average, sEPSC
frequency was 6.29 � 3.54 (A/A) and 7.01 � 2.11 (G/G), and
sIPSC was 5.08 � 3.71 (A/A) and 4.83 � 3.62 (G/G). Meanwhile,
these neurons had a high input resistance (Fig. 1). Therefore,
MOR-GABABR regulation on synaptic transmission may affect
DA neuronal firing. To test this, we analyzed AP firing in DA
neurons in the cell-attached recording configuration. Bath appli-
cation of the GABAAR antagonist picrotoxin (50 �M), GABABR

Figure 5. GABABRs regulate the excitatory synaptic inputs of VTA-to-mAcbSh-projecting DA neurons in 112A/A and 112G/G mice. A, Representative traces of sEPSCs in VTA-to-mAcbSh-projecting
DA neurons in the presence or absence (control) of the GABABR antagonist CGP 55845 (1 �M). B, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.001) and
amplitudes (112A/A: KS test, p � 0.851; 112G/G: KS test, p � 0.873) for sEPSCs in the presence or absence (control) of CGP 55845. C, Pooled data for normalized sEPSC frequency. D, Pooled data for
normalized sEPSC amplitudes in the presence or absence (control) of DAMGO. E, Representative traces of mEPSCs in VTA-to-mAcbSh-projecting DA neurons in the presence or absence (control) of
CGP 55845. F, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.001) and amplitudes (112A/A: KS test, p � 0.193; 112G/G: KS test, p � 0.810) for mEPSCs in
the presence or absence (control) of CGP 55845. G, Pooled data for normalized mEPSC frequency. H, Pooled data for normalized mEPSC amplitude. Data are mean � SEM. Number of neurons/
number of animals are indicated in bars. One-way ANOVA was used to evaluate between-genotype statistical differences.
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antagonist CGP 55845 (1 �M), and the MOR agonist DAMGO
(1 �M) induced shifts in the firing of DA neurons (Fig. 9A,B). As
expected, picrotoxin facilitated firing of DA neurons in both ge-
notypes: 112A/A, 1.5 � 0.1 (n � 6/5, neurons/mice, p � 0.01,
paired t test); and 112G/G, 1.4 � 0.08 (n � 6/5, neurons/mice,
p � 0.05, paired t test); and CGP 55845 further potentiated the
firing of DA neurons with no difference between genotypes:
112A/A, 1.7 � 0.08 (n � 6/5, neurons/mice, p � 0.05, paired
[t test); and 112G/G, 1.87 � 0.09 (n � 6/5, neurons/mice, p �
0.01, paired t test). When both GABAARs and GABABRs were
blocked, firing of DA neurons depended on the intrinsic firing
properties of these neurons and on excitatory synaptic drive. To
confirm that the MOR indeed regulates glutamate release onto
DA to mAcbSh neurons and modulates activity of these cells, we
next applied DAMGO in the presence of picrotoxin and CGP
55845. We observed that, in 112A/A mice, DAMGO suppressed
the firing of neurons: 1.3 � 0.07 (n � 6/5, neurons/mice, p �
0.05, paired t test), whereas 112G/G DA neurons did not respond
to the MOR agonist (1.7 � 0.08, n � 6/5, neurons/mice, p � 0.01,
paired t test), again suggesting a loss-of-function phenotype in
minor allele carriers (Fig. 9).

Discussion
In a murine model of human OPRM1 A118G SNP (rs1799971), we
demonstrate that Oprm1 112 G/G allele carriers display altered MOR
signaling, leading to attenuated modulation of both excitatory and
inhibitory synaptic terminals in mesolimbic neurocircuitry, leading
to a milder shift in DA neuronal AP firing. This circuit is critically
involved in processing reward and is associated with addiction
(Kauer and Malenka, 2007). Interestingly, we found no difference
between genotypes (A/A vs G/G) in GABABR-mediated modulation
of excitatory and inhibitory synaptic inputs in the VTA-to-mAcbSh
DA neurons. However, we observed that activation of presynaptic
MORs in the VTA induced a GABABR-dependent shift in DA neu-
ronal firing, suggesting an interaction between signaling mediated
by these two receptors (Fig. 9). These findings provide insight into
the behavioral outcomes of subjects with A118G SNPs when ex-
posed to drugs of abuse.

Behavioral alterations in rodent models of OPRM1
A118G SNPs
The A118G SNP is associated with an altered response to drugs
of abuse; however, some studies have reported divergent ef-

Figure 6. MORs regulate the inhibitory synaptic inputs of VTA-to-mAcbSh-projecting DA neurons in the absence of GABAB regulation in 112A/A and 112G/G mice. A, Representative traces of
sIPSCs in VTA-to-mAcbSh-projecting DA neurons in the presence or absence (control) of the GABABR antagonist CGP 55845 (1 �M) and the MOR agonist DAMGO (1 �M). B, Cumulative probability
plots of IEIs (112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.01) and amplitudes (112A/A: KS test, p � 0.816; 112G/G: KS test, p � 0.431) for sIPSCs in the presence or absence (control) of CGP
55845	DAMGO. C, Pooled data for normalized sIPSC frequency. D, Pooled data for normalized sIPSC amplitude. E, Representative traces of mIPSCs in VTA-to-mAcbSh-projecting DA neurons in the
presence or absence (control) of CGP 55845	DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.01; 112G/G: KS test, p � 0.05) and amplitudes (112A/A: KS test, p � 0.561;
112G/G: KS test, p � 0.547) for mIPSCs in the presence or absence (control) of CGP 55845	DAMGO. G, Pooled data for normalized mIPSC frequency. H, Pooled data for normalized mIPSC amplitude.
Data are mean � SEM. Number of neurons/number of animals are indicated in bars. One-way ANOVA was used to evaluate between-genotypes statistical differences: *p � 0.05.
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fects (Ray and Hutchison, 2004; Ehlers et al., 2008; Miranda et
al., 2010; Koller et al., 2012; Enoch, 2013; Sloan et al., 2018).
Significant behavioral differences between the two genotypes
have been reported in two mouse models of the A118G SNP:
that is, the A112G knock-in and “humanized” A118G mouse
models (Mague et al., 2009; Bilbao et al., 2015; Browne et al.,
2017). In the A112G mouse model, it was reported that
morphine-induced hyperactivity was blunted in G/G mice
compared with those in A/A mice (Mague et al., 2009), which
we also confirmed in the current study (Fig. 1A). In addition,
it has been shown previously that the G allele is associated with
an increase in home-cage dominance and increased motiva-
tion for nonaggressive social interactions (Briand et al., 2015);
and it has also been shown that G-allele carrier mice have
attenuated analgesic, anxiolytic, and hyperlocomotive effects
from buprenorphine (Browne et al., 2017). In the humanized
Oprm1 A118G mouse model, it has been shown that the effects
of opioid antagonism on alcohol reward and consumption are
affected (Bilbao et al., 2015). Thus, these mice are a genetically
tractable and biologically accessible experimental model sys-
tem to identify functional differences in MORs, which mediate
many of these behavioral effects.

Impact of OPRM1 A118 gene variant (N40D MORs) on
synaptic regulation in mesolimbic DA neurons
It has been hypothesized that the addictive properties of opioids
are associated with their stimulation of the DA system: opioid
agonists induce DA release in the NAc (Acb) when mice self-
administer them specifically into the VTA (Pentney and Gratton,
1991; Devine et al., 1993; Devine and Wise, 1994). An earlier
study indicated that MOR agonists stimulate DA neurons indi-
rectly through the suppression of inhibitory neurons in the VTA,
which causes disinhibition of DA neurons (Johnson and North,
1992). Thus, a predominant theory in the field is that the rein-
forcing properties of opioids are mediated by MORs located on
GABAergic terminals in the VTA. Upon activation, GABA re-
lease onto DA neurons is decreased, resulting in increased
firing of these neurons. The subsequent increase of dopamine
in the Acb is associated with drug reward and reinforcement
(Nestler, 2005; Chen et al., 2015). However, it has also been
demonstrated that VTA GABAergic neurons are less respon-
sive to MOR agonists, compared with interneurons from other
brain regions synapsing onto VTA DA neurons (Matsui et al.,
2014), and excitatory transmission in the VTA can also be
suppressed by MOR agonism (Bonci and Malenka, 1999). It is

Figure 7. MORs regulate the excitatory synaptic inputs in VTA-to-mAcbSh-projecting DA neurons in the absence of GABAB regulation in 112A/A and 112G/G mice. A, Representative traces of
sEPSCs in VTA-to-mAcbSh-projecting DA neurons in the presence or absence (control) of the GABABR antagonist CGP 55845 (1 �M) and the MOR agonist DAMGO (1 �M). B, Cumulative probability
plots of IEIs (112A/A: KS test, p � 0.05; 112G/G: KS test, p � 0.05) and amplitudes (112A/A: KS test, p � 0.561; 112G/G: KS test, p � 0.769) for sEPSCs in the presence or absence (control) of CGP
55845	DAMGO. C, Pooled data for normalized sEPSC frequency. D, Pooled data for normalized sEPSC amplitude. E, Representative traces of mEPSCs in VTA-to-mAcbSh-projecting DA neurons in the
presence or absence (control) of CGP 55845	DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS test, p � 0.01; 112G/G: KS test, p � 0.291) and amplitudes (112A/A: KS test, p � 0.662;
112G/G: KS test, p � 0.318) for mEPSCs in the presence or absence (control) of CGP 55845	DAMGO. G, Pooled data for normalized mEPSC frequency. H, Pooled data for normalized mEPSC
amplitude. Data are mean � SEM. Number of neurons/number of animals are indicated in bars. One-way ANOVA was used to evaluate between-genotype statistical differences: *p � 0.05;
**p � 0.01.
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important to note that VTA DA neurons are also heteroge-
neous (Lammel et al., 2011; Root et al., 2014). For example,
activation of mesolimbic VTA DA neurons is associated with
reward, whereas activation of mesocortical DA neurons medi-
ates aversion (Lammel et al., 2011).

In the current study, we focused on the mesolimbic mAcbSh-
projecting VTA DA neurons and observed that application of the
MOR agonist DAMGO excites DA neurons in mice with the
Oprm1 A-allele, but not in those with the G-allele (Fig. 1L–N).

We propose that the minor allele (G/G) causes a loss of function
in MOR signaling. First, morphine-induced hyperactivity, as well
as synaptic suppression, are both reduced in 112G/G mice (Figs.
1A, 8D–F). Consistent with our findings, previous studies found
that 112G/G mice exhibit a blunted response to morphine/
buprenorphine-induced locomotor activity (Mague et al., 2009;
Browne et al., 2017). Moreover, it was found that both male and
female G/G mice self-administered more heroin than A/A mice
over a 10 d period (Zhang et al., 2015). Second, at the synaptic

Figure 8. VTA-to-mAcbSh-projecting DA neurons respond differentially to various concentrations of DAMGO and morphine in Oprm1 112A/A and 112G/G mice. A, Representative traces of sIPSCs,
recorded in the presence of the GABABR blocker from VTA-to-mAcbSh-projecting DA neurons in response to increasing concentrations of DAMGO (0.1–10 �M). B, Pooled data for normalized sIPSC
frequency. C, Pooled data for normalized sIPSC amplitude. D, Representative traces of sIPSCs, recorded in the presence of GABABR blockers, from VTA-to-mAcbSh-projecting DA neurons in response
to increasing concentrations of morphine (0.1–10 �M). E, Pooled data for normalized sIPSC frequency. F, Pooled data for normalized sIPSC amplitude. Data are mean � SEM. n values are indicated
in the plots. One-way ANOVA was used to evaluate between genotype statistical difference: ***p � 0.001.

Figure 9. Modulation of VTA-to-mAcbSh DA neuronal firing by MORs and GABABRs in 112A/A and 112G/G mice. A, Example traces of sAP firing, recorded in the cell-attached configuration, from
VTA-to-mAcbSh-projecting DA neurons; Picrotoxin (PTX or P, 50 �M), CGP 55845 (C, 1 �M), and DAMGO (D, 1 �M) were added consecutively to record from 112A/A and 112G/G mice VTA brain slices.
B, Pooled data of normalized AP firing rates under different conditions. Data are mean � SEM. Bars represent the number of neurons/number of animals. One-way ANOVA was used to evaluate
between-genotype statistical differences: **p � 0.01. C, Schematic showing that MORs and GABABRs coordinate in regulating synaptic transmission in the VTA-to-mAcbSh-projecting DA neurons.

5694 • J. Neurosci., July 17, 2019 • 39(29):5685–5696 Popova et al. • Synaptic Regulation by OPRM1 Variants



level, MOR activation in G/G mice led to reduced suppression of
both excitatory and inhibitory synaptic inputs to mesolimbic DA
neurons (Figs. 2, 6, 7), leading to a smaller shift in AP firing of DA
neurons (Fig. 9) and a potentially lower release of DA into the
Acb. In support of our findings, a previous study on A118G
humanized mice also reported that morphine reduced mIPSC
frequency in DA neurons in A/A mice but not in G/G mice
(Robinson et al., 2015). Although no differences in affinity
have been observed between N40 (OPRM1 118 A/A) and D40
(i.e., OPRM1 118G/G) MOR toward ligand binding (Robin-
son et al., 2015), it has also been reported that binding affinity
could be modified by gene variants (Bond et al., 1998). There-
fore, detailed molecular mechanisms associated with differen-
tial regulation of synaptic transmission by MOR variants
requires further elucidation.

The MOR is a GPCR whose activation causes inhibition of ad-
enylyl cyclase and voltage-dependent calcium channels, and activa-
tion of inwardly rectifying potassium channels (Al-Hasani and
Bruchas, 2011), ultimately leading to suppression of synaptic release.
MOR D40 (G/G) caused deficits in MOR signaling and conse-
quently differently regulated synaptic transmission (Figs. 2, 3, 6, 7).
Importantly, the presynaptic regulation of synaptic release mediated
by GABABRs (Cameron and Williams, 1993; Edwards et al., 2017),
another GPCR, is not different between the A/A and G/G genotypes
(Figs. 4, 5), suggesting that intracellular G-protein-coupled signaling
is likely intact. However, it has also been reported that MORs and
GABABRs may be differentially coupled to downstream effectors
(Bagley, 2014). Nevertheless, it is apparent that MORs and
GABABRs coordinate the firing of VTA DA neurons (Fig. 9). A loss
of function in the minor allele caused differential outcomes, which
might account for the different reward behaviors induced by drugs
of abuse (Fig. 1A) (Ramchandani et al., 2011; Bilbao et al., 2015;
Robinson et al., 2015; Zhang et al., 2015; Browne et al., 2017) or other
types of behavior (Briand et al., 2015).

Interestingly, previous reports suggested no obvious acute de-
sensitization of presynaptic MOR signaling (Fyfe et al., 2010;
Pennock and Hentges, 2011; Lowe and Bailey, 2015). However, in
mesolimbic mAcbSh-projecting DA neurons, we observed some
level of decreasing efficacy of sIPSC suppression when increasing
concentrations of DAMGO were applied in the presence of
CNQX and CGP 55845 (Fig. 8A,B). This was not observed when
increasing concentrations of morphine were applied (Fig. 8D,E).
In VTA GABAergic nerve terminals, during prolonged presence
of Met-enkephalin or direct activation of PKC, similar MOR de-
sensitization was observed (Lowe and Bailey, 2015). The desen-
sitizing effects of DAMGO observed in VTA-to-mAcbSh DA
neurons potentially can be limited to this specific subgroup of
VTA DA neurons (Fig. 8A,B). Or, alternatively, in these cells,
under our recording conditions, different levels of intracellular
PKC activities were involved (Lowe and Bailey, 2015). Clearly,
further detailed analyses are needed in addressing the presynaptic
dynamics of MOR regulation.

Future perspectives
Over the past two decades, human genetic approaches have iden-
tified hundreds of gene variants that affect a person’s likelihood
of developing drug dependence (Agrawal et al., 2012; Ducci and
Goldman, 2012). However, in the vast majority of cases, the mo-
lecular mechanisms of how these alleles confer risk of disease are
unknown; thus, this genetic information alone cannot be used to
develop novel interventions. The present study provides a better
understanding on the neurobiological and behavioral mecha-
nisms that underlie risk of addiction development in carriers of

the A118G SNP in OPRM1. One of the main findings from this
work demonstrates that MOR activation produced less inhibition
of neurotransmitter release in the 112G/G mice, resulting in
lower DA neuron firing in the presence of the opioids. This is in
agreement with behavioral studies in these mice, where fe-
males do not find morphine rewarding in a conditioned place
preference test (Mague et al., 2009). A lack of reward and/or
lower dopamine release following opioids could reflect an in-
sensitivity to MOR agonists. In such a case, individuals may
require greater amounts of a drug to generate a positive expe-
rience, resulting in an increase in drug-taking behavior, a hall-
mark of opioid use disorders.

Because of the high prevalence of opioid addiction and a high
prevalence of the A118G minor allele in human populations
(Bergen et al., 1997; Gelernter et al., 1999; Tan et al., 2003; Mague
and Blendy, 2010), it is important to gain a more mechanistic and
functional understanding of MORs with different SNPs (Lötsch
and Geisslinger, 2005) by using mouse (Mague et al., 2009; Bilbao
et al., 2015) as well as using human neuronal models (Scarnati et
al., 2019). In the rodent model, high heterogeneity of VTA neuro-
circuitry (Watabe-Uchida et al., 2012; Matsui et al., 2014; Beier et
al., 2015) and possible gender-dependent implications (Kanaji et
al., 2014; Browne et al., 2017) should be considered. Moreover,
given the discrepancy of findings related to A118G SNPs, it is also
likely that species-specific-dependent mechanisms are involved;
recent developments in human stem cell and human neural stem
cell technology (Prytkova et al., 2018; Scarnati et al., 2019) may
help facilitate the study of SNPs in a human neuronal context.
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