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Abstract  37 
 38 
Mu-opioid receptors (MORs) are the primary site of action of opioid drugs, both licit and illicit.  39 
Susceptibility to opioid addiction is associated with variants in the gene encoding the MOR, 40 
OPRM1. Varying with ethnicity, approximately 25% of humans carry a single nucleotide 41 
polymorphism (SNP) in OPRM1 (A118G). This SNP produces a non-synonymous amino acid 42 
substitution, replacing Asparagine (N40) with Aspartate (D40), and has been linked with an 43 
increased risk for drug addiction. While a murine model of human OPRM1 A118G (A112G in 44 
mouse) recapitulates most of the phenotypes reported in humans, the neuronal mechanisms 45 
underlying these phenotypes remains elusive. Here, we investigated the impact of A118G on 46 
opioid regulation of synaptic transmission in mesolimbic ventral tegmental area (VTA) 47 
dopaminergic (DA) neurons. Using electrophysiology, we showed that both inhibitory and 48 
excitatory inputs to VTA DA neurons projecting to the nucleus accumbens medial shell were 49 
suppressed by the MOR agonists DAMGO and morphine, which caused a shift in the 50 
excitatory/inhibitory (E/I) balance and an increased action potential (AP) firing rate. Mice 51 
carrying the 112G/G allele exhibited lower sensitivity to DAMGO and morphine compared to 52 
major allele carriers (112A/A). Paradoxically, DAMGO produced facilitatory effects on miniature 53 
excitatory postsynaptic currents, which were mediated by presynaptic GABAB receptors. 54 
However, this was only prominent in homozygous major allele carriers, which could explain a 55 
stronger shift in AP firing in 112A/A mice. This study provides a better understanding on the 56 
neurobiological mechanisms that may underlie risk of addiction development in carriers of the 57 
A118G SNP in OPRM1. 58 
  59 

Significance Statement  60 
 61 
The pandemic of opioid drug abuse is associated with many socioeconomic burdens.  The 62 
primary brain target of opioid drugs is the mu-opioid receptor (MOR), encoded by the OPRM1 63 
gene, which is highly polymorphic in humans. Using a mouse model of the human OPRM1 64 
A118G SNP (A112G in mice), we demonstrated that MORs and GABAB signaling coordinate in 65 
regulating mesolimbic dopamine neuronal firing via presynaptic regulation. The A118G SNP 66 
affects MOR-mediated suppression of GABA and glutamate release, showing weaker efficacy of 67 
synaptic regulation by MORs. These results may shed light on whether MOR SNPs need to be 68 
considered for devising effective therapeutic interventions.  69 
 70 
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Introduction 71 
 72 

Opioid addiction is a chronic, progressive disorder that in part underlies the current 73 
epidemic of deaths due to overdose in the US. Susceptibility to opioid addiction has been 74 
associated with mu opioid receptor (MOR) gene (OPRM1) variants (Lotsch and Geisslinger, 75 
2005). Of these, A118G (rs1799971) is one of the most prominent non-synonymous single 76 
nucleotide polymorphisms (SNPs), which has been found to have the highest overall allelic 77 
frequency of all of the OPRM1 coding region variants (Bond et al., 1998).  The A118G SNP in 78 
OPRM1 replaces Asparagine (N40) with Aspartate (D40) in the MOR and N40D variants are 79 
linked to both drug and alcohol use disorders in several model systems. However, the results 80 
are inconsistent, which may be explained by variations in the genetic backgrounds between 81 
different ethnic groups (Ray and Hutchison, 2004; Ehlers et al., 2008; Miranda et al., 2010; 82 
Koller et al., 2012; Enoch, 2013).  A more recent epidemiologic study, using a large subject pool, 83 
also argued against the link between A118G and alcohol use (Sloan et al., 2018). However, in 84 
these clinical studies, a host of potential covariates of addiction severity makes it impossible to 85 
isolate the effects of this genotype alone. Therefore, the Oprm1 A112G mouse model was 86 
developed to mimic the human OPRM1 A118G SNP by generating mice with the equivalent 87 
mutation through gene targeting (Mague et al., 2009).  Remarkably, these mice reproduce most 88 
of the phenotypes reported for the human OPRM1 SNP, including altered morphine-mediated 89 
anti-nociception, the rewarding properties of morphine and the response to naloxone-90 
precipitated morphine withdrawal. In addition, it was found that the Oprm1 A112G SNP alters 91 
MOR N-linked glycosylation and protein stability (Huang et al., 2012; Wang et al., 2012), affects 92 
heroin self-administration (Zhang et al., 2015), increases sociability and dominance, and confers 93 
resilience to social defeat (Briand et al., 2015). However, the functional role of A118G in reward 94 
neurocircuitry remains elusive.   95 

 96 
Opioids mediate their reinforcing properties by acting on the mesolimbic dopaminergic (DA) 97 
system (Di Chiara and Imperato, 1988). Although it was demonstrated that opioids stimulate DA 98 
release through disinhibition of DA neurons, via suppression of ventral tegmental area (VTA) 99 
inhibitory neurons (Johnson and North, 1992; Matsui et al., 2014), it was also reported that DA 100 
neurons in the VTA receive inhibitory inputs from various brain regions  (Matsui et al., 2014). In 101 
addition, GABAAR mediated synaptic transmission can be inhibited by MOR activation (Johnson 102 
and North, 1992; Bonci and Williams, 1997; Chieng et al., 2011; Matsui et al., 2014). Glutamate 103 
release to VTA neurons has also been reported to be regulated by the MOR (Bonci and 104 



 

 4 

Malenka, 1999; Chen et al., 2015). Moreover, due to the high heterogeneity of VTA 105 
neurocircuitry, overall responses of DA neurons to opioids are diverse (Margolis et al., 2014).  106 
 107 
To reveal the functional impact of the Oprm1 SNP A112G on synaptic transmission in reward 108 
circuitry, we used slice physiology to investigate how this SNP influences VTA DA neuronal 109 
function. We examined a specific population of VTA DA neurons that project to the nucleus 110 
accumbens medial shell (mAcbSh), which is involved in motivation for both natural rewards and 111 
drugs of abuse (Kauer and Malenka, 2007; Lammel et al., 2011). We found that the Oprm1 112 
A112G SNP has a profound influence on the regulation of opioid signaling in these VTA-to-113 
mAcbSh projecting neurons. DAMGO significantly suppressed both inhibitory and excitatory 114 
neurotransmitter release onto VTA DA-to-mAcbSh neurons in 112A/A, but not in 112G/G mice, 115 
indicating differential expression or signaling of the MOR. As a consequence, the functional 116 
output for MOR regulation of DA neuronal firing is different between the A and G-allele carriers, 117 
and this will likely impact differential behavioral outcomes for drugs of abuse.    118 
 119 

Materials and Methods 120 
 121 
Animals 122 
 123 
All animal experiments were done in accordance with the Rutgers Robert Wood Johnson 124 
Medical School Institutional Animal Care and Use Committee (IACUC). To specifically target the 125 
VTA DA neurons, Oprm1 A112G mice (Mague et al., 2009) were crossed with DAT-IRES-Cre 126 
mice (Jackson Laboratory, stock number: 006660)(Zhuang et al., 2005). Animals were group 127 
housed and kept under a 12 h light/dark cycle, with food and water available ad libitum. Only 128 
adult male mice between 6-10 weeks old were used in this study.  129 
 130 
Locomotor Behavior 131 
 132 
Locomotor activity was monitored with the SmartCagetm system (AfaSci Inc) and analyzed with 133 
CageCenter software (AfaSci Inc). On days 1-3, animals of both genotypes were tested for 134 
baseline response with saline injections and their activity was monitored for 40 mins. On days 135 
4–8, all animals received morphine injections (10 mg/kg, i.p.) and their locomotor activity was 136 
measured for 40 mins following the injection.  137 
 138 
Stereotactic surgery 139 
 140 
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Stereotactic injections were performed under isoflurane anesthesia (5% isoflurane for induction 141 
and 1.5-2% during the surgery) using a stereotactic instrument (M1900, Kopf Instruments). For 142 
mAcbSh-projecting VTA neuronal labelling, mice were injected bilaterally with 0.25 μl of red 143 
fluorescent RetroBeads (Lumafluor) using the following coordinates: AP: +1.8 mm, LM: ±0.6 mm, 144 
DV: -4.1 mm. For labeling of DA VTA neurons we used AAV-EF1a-DIO-EYFP virus (The Vector 145 
Core at the University of North Carolina). We delivered 0.6-1 μl of virus bilaterally using the 146 
following coordinates: AP: -3.5 mm, LM: ±0.3 mm, AP: -4.2 mm. Electrophysiology were 147 
performed 14-21-day post-injection. Analyses of the injection sites were routinely carried out 148 
and animals with misplaced injections were discarded from further experiments. 149 
 150 
Slice electrophysiology 151 
 152 
Mice were deeply anesthetized with Euthasol and transcardially perfused with ice cold 153 
oxygenated (95% O2, 5% CO2) artificial cerebral spinal fluid (aCSF) containing (in mM): 125 154 
NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2.5 Glucose, 50 Sucrose, 0.625 CaCl2, 1.2 MgCl2 155 
and coronal midbrain slices (300 μm) containing VTA region were cut. Then slices recovered for 156 
30 min at 30°C in oxygenated (95% O2, 5% CO2) aCSF containing (in mM):  125 NaCl, 2.5 KCl, 157 
1.25 NaH2PO4, 25 NaHCO3, 2.5 Glucose, 22.5 Sucrose, 2.5 CaCl2, 1.2 MgCl2. 158 
Electrophysiological recordings were performed in the same solution with perfusion rete of 2 ml 159 
per min at 37 ºC.  All recordings were performed only with neurons containing both EYFP and 160 
red RetroBeads. Patch pipettes (4–6 MΩ) were pulled from borosilicate glass. For whole-cell 161 
voltage clamp recordings, a cesium based internal solution was used, containing (in mM): 40 162 
CsCl, 90 K-gluconate, 10 HEPES, 0.05 EGTA, 1.8 NaCl, 3.5 KCl, 1.7 MgCl2, 2 Mg-ATP, 0.4 163 
Na4-GTP, 10 Phosphocreatine (pH 7.2). For whole-cell current clamp recordings and cell-164 
attached recordings a potassium based internal solution was used, containing (in mM): 126 K-165 
gluconate, 4 KCl, 10 HEPES, 0.05 EGTA, 4 Mg-ATP, 0.3 Na4-GTP, 10 Phosphocreatine (pH 166 
7.2). Whole-cell patch clamp recordings were performed using an Axon 700B amplifier. Data 167 
were filtered at 2 kHz, digitized at 10 kHz and collected using Clampex 10.6 (Molecular Devices). 168 
To evaluate the effects of MOR-mediated responses 0.1-10 μM DAMGO ([D-Ala2, N-MePhe4, 169 
Gly-ol]-enkephalin, Hellobio), 1 μM Naltrexone (Hellobio) and 0.1-10 μM morphine were used. 170 
To record spontaneous excitatory postsynaptic currents (sEPSCs), picrotoxin (50 μM, Tocris) 171 
was added to block GABAAR mediated currents. To record spontaneous inhibitory postsynaptic 172 
currents (sIPSCs), CNQX (20 μM, Enzo Life Science) was added to block glutamate receptor-173 
mediated current responses. To block GABABR mediated synaptic transmission, CGP 55845 (1 174 
μM, Tocris) was used.  Tetrodotoxin (TTX) (1 μM, Enzo Life Science) was used to block action 175 



 

 6 

potentials to isolate miniature EPSCs and IPSCs (mEPSCs and mIPSCs). Electrophysiological 176 
data were analyzed using ClampFit 10.6 software. 177 
 178 
Immunohistochemistry (IHC) 179 
 180 
Animals were deeply anesthetized with Euthasol and transcardially perfused with phosphate 181 
buffered saline (PBS, pH 7.4) followed by chilled 4% paraformaldehyde (PFA) in PBS. Brains 182 
were removed from the skull after perfusion and post fixed in 4% PFA overnight at 4 °C. Coronal 183 
sections (50 μm) were prepared with a vibratome.  184 
 185 
Brain slices containing the VTA were incubated in a blocking reagent containing 3% bovine 186 
serum albumin (BSA) (Sigma-Aldrich) in PBS with 0.2% Triton X-100 (Sigma-Aldrich).  The 187 
following primary antibodies (1:1000 dilution in PBS with 0.2% Triton X-100, overnight 188 
incubation at 4 °C) were used: anti-MOR (ab134054, Abcam); anti-vesicular GABA transporter 189 
(VGAT, #131011, SYSY), anti-vesicular glutamate transporter 2 (VGluT2, #135411, SYSY), 190 
anti-tyrosine hydroxylase (TH, ab1542, Millipore). Sections were then washed in PBS and 191 
incubated with the appropriate secondary antibodies (Molecular probes, Invitrogen) for 1hr at 192 
room temperature. Finally, sections were mounted on slides and covered with FluoroShield 193 
mounting media, containing DAPI (Sigma). MOR KO mice (Schuller et al., 1999) were used to 194 
validate the specificity of MOR staining. The images were obtained with a LSM 700 Zeiss 195 
confocal microscope using ZEN software.  196 
 197 
 198 
Statistical Analysis 199 
 200 
The effects of MOR agonists (DAMGO or morphine) as well as the GABABR antagonist were 201 
normalized to basal activity in the absence of the drugs, i.e. drug effects are defined as the 202 
relative changes to the baseline (in the absence of drug) values. The effect of drugs before and 203 
after the application in the same group of cells were compared using paired t test. On 204 
normalized post-treatment data, 1-way ANOVA tests were used to evaluate the effects between 205 
genotypes. For cumulative probability distribution, Kolmogorov-Smirnov (KS) tests were used to 206 
evaluate pre and post treatment effects. Data were considered statistically significant if p < 0.05. 207 
All data are presented as ± standard error of the mean (SEM) and n-values represent the 208 
number of cells recorded/animals used. 209 
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Results 210 
 211 
Activation of MORs produces differential effects on locomotion and VTA-to-mAcbSh 212 
projecting DA neurons in Oprm1 112A/A and 112G/G mice 213 
 214 
To unequivocally identify the VTA DA neurons in Oprm1 A112G mice for functional analysis, we 215 
generated DAT-Cre::A112G double knock-in mice by crossing A112G (Mague et al., 2009) and 216 
DAT-IRES-Cre mouse lines (Zhuang et al., 2005). To evaluate whether the DAT transgene 217 
affects A112G mouse behavior, we tested morphine-induced hyperactivity. Consistent with a 218 
previous report (Mague et al., 2009), 112G/G animals showed reduced hyperactivity induced by 219 
morphine administration (Fig. 1A). 220 
 221 

To label the VTA DA neurons projecting to mAcbSh we stereotaxically delivered AAV-DIO-222 
EYFP virus into the VTA and red RetroBeads into the mAcbSh of the DAT-Cre::A112G mice 223 
(Fig. 1B-C). Whole-cell patch clamp recordings were performed on these cells.  As previously 224 
reported (Lammel et al., 2011), mesolimbic mAcbSh projecting DA neurons have small soma 225 
size, high input resistance, demonstrate spontaneous action potential (sAP) activity and minor 226 
or no detectable hyperpolarization induced currents (Fig. 1D-H). No obvious differences were 227 
observed in basal synaptic transmission, including both spontaneous excitatory postsynaptic 228 
currents (sEPSCs) and spontaneous inhibitory postsynaptic currents (sIPSCs) between mice 229 
carrying the A/A or G/G-alleles (Fig. 1I-K). However, their sAP activities were differentially 230 
modulated by the MOR agonist DAMGO. It stronger facilitated AP firing of the VTA-to-mAcbSh 231 
projecting DA neurons in the 112A/A compared to 112G/G mice (112A/A: 2.0±0.2 Hz, n=16/6, 232 
neurons/mice, p<0.001, paired t-test; 112G/G: 1.3±0.09 Hz, n=14/6, neurons/mice, p<0.01, 233 
paired t-test) (Fig. 1L-N). These data suggest that VTA DA neurons in 112G/G mice are less 234 
sensitive to MOR modulation, which correlates well with the behavioral effects observed with 235 
morphine.  236 
 237 
Effects of DAMGO and morphine on inhibitory synaptic transmission in VTA-to-mAcbSh 238 
DA neurons in Oprm1 112A/G mice. 239 
 240 
To evaluate the impact of Oprm1 A112G on synaptic transmission in VTA DA-to-mAcbSh 241 
circuitry, we recorded sIPSCs in the absence or presence of 1 M DAMGO. In 112A/A mice, 242 
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DAMGO suppressed 80.8±2.5% in frequencies (n=10/5, neurons/mice, p<0.01, paired t-test) of 243 
overall inhibitory synaptic drive (sIPSCs) onto DA neurons projecting to the mAcbSh, but in 244 
112G/G mice DAMGO only suppressed 60.4±5.2% (n=8/4, neurons/mice, p<0.05, paired t-test) 245 
of sIPSCs (Fig. 2A-D). To discriminate whether the MOR acts pre- or post-synaptically to DA 246 
neurons, we also recorded miniature inhibitory postsynaptic currents (mIPSCs). We observed 247 
that DAMGO suppressed the frequencies, but not amplitudes of mIPSCs in VTA DA 248 
neurons:77.1±4.0%  (n=7/4, neurons/mice, p<0.01, paired t-test) and 51.8±8.2% (n=8/4, 249 
neurons/mice, p<0.05, paired t-test) in 112A/A and 112G/G, respectively, suggesting that the 250 
MOR reduced the presynaptic release probability of GABA (Fig. 2E-H). Using a validated MOR 251 
specific antibody, we then conducted immunohistochemistry (IHC) to confirm that MORs are 252 
localized on presynaptic inhibitory terminals in the VTA. We labeled DA neurons using 253 
antibodies specific for tyrosine hydroxylase (TH) and GABAergic terminals with antibodies 254 
against the vesicular GABA transporter (VGAT). We found that VGAT and MOR puncta are co-255 
localized in the VTA region (Fig. 2I-K).  Based on these results, we concluded that MORs are 256 
present on inhibitory synaptic terminals in the VTA of both A- and G-allele carriers, and G-allele 257 
carriers are less responsive to the MOR agonist DAMGO. 258 
 259 
Effects of DAMGO on excitatory synaptic transmission in VTA-to-mAcbSh DA neurons in 260 
Oprm1 112A/G mice. 261 
 262 
Next, we evaluated the effect of DAMGO on excitatory synaptic transmission in VTA DA 263 
neurons projecting to the mAcbSh. We observed that MOR activation suppressed sEPSC 264 
frequency but not amplitude, and to a lesser degree in the 112 G/G mice: 62.5±5.6 (n=10/6, 265 
neurons/mice, p<0.001, paired t-test) and 38.5±6.9% (n=11/5, neurons/mice, p<0.01, paired t-266 
test) in 112A/A and 112G/G, respectively (Fig. 3A-D). We then tested the impact of DAMGO on 267 
miniature excitatory postsynaptic currents (mEPSCs), and to our surprise, contrary to what we 268 
observed in sEPSCs, we found that DAMGO increased mEPSC frequency in 112A/A mice 269 
(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%, 270 
n=10/6, neurons/mice, p>0.05, paired t-test ) (Fig. 3E-H).  Using IHC, we confirmed that MORs 271 
have some colocalization with vGluT2 (Fig. 3I-K). The discrepancy in the effect on sEPSCs 272 
(suppression in both 112A/A and 112G/G mice) and mEPSCs (facilitation in 112A/A and no 273 
change in 112G/G) was puzzling. However, based on the fact that DAMGO also reduced GABA 274 
release (Fig. 2), we reasoned that it was possible that metabotropic GABAB receptors 275 
(GABABRs) positioned at the excitatory presynaptic terminal could account for this phenomenon. 276 
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Important, GABABR-mediated regulation of glutamate release was previously reported in the 277 
VTA (Chen et al., 2015). Note that the EPSCs were recorded only in the presence of picrotoxin, 278 
a GABAA receptor blocker which would mean that GABA release per se was not affected. Thus, 279 
the reduction in GABA release, most likely caused by MOR activation, reduced the GABABR-280 
mediated presynaptic inhibition of glutamate release. This inhibition was enhanced in the 281 
112A/A mice likely due to a stronger inhibitory effect on suppression of GABA release by MORs. 282 
However, in the 112G/G mice, the reduced suppression of GABA limited the extent of 283 
presynaptic inhibition by GABABRs and resulted in less disinhibition of glutamate release.  284 
 285 
The interaction of presynaptic GABABRs and MORs in the VTA-to-mAcbSh projecting DA 286 
neurons and the impact of Oprm1 112A/G SNPs 287 
 288 
To test the hypothesis that presynaptic GABABRs in the VTA modulate synaptic release, we 289 
recorded both EPSCs and IPSCs in the presence of specific blockers for GABAA and AMPA 290 
receptors, respectively, in the presence of the GABABR antagonist CGP 55845 (1 μM). We 291 
observed that the frequencies of sEPSCs, sIPSCs, mEPSCs and mIPSCs were all augmented 292 
(Figs. 4&5), suggesting that the strong tonic inhibition mediated by GABABRs play an important 293 
role in modulating synaptic inputs to VTA DA neurons projecting to the mAcbSh. There were no 294 
differences in the extent of GABABR-mediated regulation on synaptic release between 112A/A 295 
and 112G/G mice (Figs. 4&5).  Interestingly, in the presence of the GABABR antagonist, 296 
DAMGO suppressed mEPSCs and mIPSCs in both 112A/A and 112G/G mice but with a 297 
stronger effect in A/A mice (Figs. 6&7). Since GABABRs and MORs are both G-protein coupled 298 
receptors (GPCRs) associated with Gi/Go effectors (Bettler et al., 2004), the difference between 299 
112A/A and 112G/G can most likely be attributed to differences in MOR-mediated signaling.   300 
We also examined the dose-dependency of DAMGO and morphine on sIPSCs in the presence 301 
of the AMPA receptor blocker (CNQX) and GABABR blocker (CGP55845). We found that both 302 
DAMGO and morphine suppressed the frequencies of sIPSCs in a dose-dependent manner 303 
(Fig. 8). Importantly, DAMGO-induced suppression of sIPSCs was reversible with 304 
administration of the MOR antagonist Naltrexone. Interestingly, 112A/A mice responded 305 
stronger to DAMGO administration (Fig. 8A-C). Similarly, morphine also induced suppression of 306 
sIPSCs in the VTA for both genotypes, in a dose-dependent manner, with a stronger response 307 
in 112A/A mice (Fig. 8D-F). Although previous work reported no obvious acute desensitization 308 
of presynaptic MOR signaling (Fyfe et al., 2010; Pennock and Hentges, 2011; Lowe and Bailey, 309 
2015), in these mesolimbic mAcbSh projecting DA neurons, we observed some level of 310 
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decreasing efficacy of sIPSCs suppression under longitudinal exposure of increasing 311 
concentrations of DAMGO but not the morphine (Fig. 8).  312 
 313 
MORs and GABABRs orchestrate VTA-to-mAcbSh projecting DA neurocircuitry in Oprm1 314 
112A/A and 112G/G mice 315 
 316 
In the VTA-to-mAcbSh projecting DA neurons, we found that both inhibitory and excitatory 317 
synaptic inputs onto the VTA-to-mAcbSh projecting DA neurons are regulated by presynaptic 318 
MORs. Furthermore, MORs in mice with the 112G/G allele were less efficacious in regulating 319 
this circuitry (Figs. 3&4). We demonstrated that presynaptic GABABRs have similar efficacies in 320 
modulating synaptic release in both 112A/A and 112G/G mice (Figs. 4&5) and MORs interact 321 
with GABABRs in the VTA (Figs. 6&7). The basal AP firing of VTA-to-mAcbSh projecting DA 322 
neurons was 1.3±0.1 (A/A) and 1.3±0.1 (G/G), on average sEPSC frequency was 6.29±3.54 323 
(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, 324 
these neurons had a high input resistance (Fig. 1). Therefore, MOR-GABABR regulation on 325 
synaptic transmission may affect DA neuronal firing. To test this, we analyzed AP firing in DA 326 
neurons in the cell-attached recording configuration. Bath application of the GABAAR antagonist 327 
picrotoxin (50 μM), GABABR antagonist CGP 55845 (1 μM) and the MOR agonist DAMGO (1 328 
μM) induced shifts in the firing of DA neurons (Fig. 9A-B). As expected, picrotoxin facilitated 329 
firing of DA neurons in both genotypes: 112A/A: 1.5±0.1 (n=6/5, neurons/mice, p<0.01, paired t-330 
test), 112G/G 1.4±0.08 (n=6/5, neurons/mice, p<0.05, paired t-test) and CGP 55845 further 331 
potentiated the firing of DA neurons with no difference between genotypes:112A/A: 1.7±0.08 332 
(n=6/5, neurons/mice, p<0.05, paired t-test), 112G/G 1.87±0.09 (n=6/5, neurons/mice, p<0.01, 333 
paired t-test). When both GABAAR and GABABRs were blocked, firing of DA neurons depended 334 
on the intrinsic firing properties of these neurons and on excitatory synaptic drive. To confirm 335 
that the MOR indeed regulates glutamate release onto DA to mAcbSh neurons and modulates 336 
activity of these cells, we next applied DAMGO in the presence of picrotoxin and CGP 55845. 337 
We observed that in 112A/A mice, DAMGO suppressed the firing of neurons :1.3±0.07 (n=6/5, 338 
neurons/mice, p>0.05, paired t-test), whereas 112G/G DA neurons did not respond to the MOR 339 
agonist (1.7±0.08, n=6/5, neurons/mice, p<0.01, paired t-test), again suggesting a loss of 340 
function phenotype in minor allele carriers (Fig. 9). 341 
 342 
 343 
Discussion 344 
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 345 
In a murine model of human OPRM1 A118G SNP (rs1799971), we demonstrate that Oprm1 346 
112 G/G allele carriers display altered MOR signaling leading to attenuated modulation of both 347 
excitatory and inhibitory synaptic terminals in mesolimbic neurocircuitry, leading to a milder shift 348 
in DA neuronal AP firing. This circuit is critically involved in processing reward and is associated 349 
with addiction (Kauer and Malenka, 2007). Interestingly, we found no difference between 350 
genotypes (A/A vs. G/G) in GABABR mediated modulation of excitatory and inhibitory synaptic 351 
inputs in the VTA-to-mAcbSh DA neurons. However, we observed that activation of presynaptic 352 
MORs in the VTA induced a GABABR–dependent shift in DA neuronal firing, suggesting an 353 
interaction between signaling mediated by these two receptors (Fig. 9). These findings provide 354 
insight into the behavioral outcomes of subjects with A118G SNPs when exposed to drugs of 355 
abuse. 356 
 357 
Behavioral alterations in rodent models of OPRM1 A118G SNPs 358 
 359 
The A118G SNP is associated with an altered response to drugs of abuse, however, some  360 
studies reported divergent effects (Ray and Hutchison, 2004; Ehlers et al., 2008; Miranda et al., 361 
2010; Koller et al., 2012; Enoch, 2013; Sloan et al., 2018). Significant behavioral differences 362 
between the two genotypes have been reported in two mouse models of the A118G SNP, i.e. 363 
the A112G knock-in and “humanized” A118G mouse models (Mague et al., 2009; Bilbao et al., 364 
2015; Browne et al., 2017).  In the A112G mouse model, it was reported that morphine induced 365 
hyperactivity was blunted in G/G mice when compared to those in A/A mice (Mague et al., 2009), 366 
which we also confirmed in the current study (Fig. 1A). In addition, it has been shown previously 367 
that the G allele is associated with an increase in home-cage dominance and increased 368 
motivation for non-aggressive social interactions (Briand et al., 2015); and it has also been 369 
shown that G allele carrier mice have attenuated analgesic, anxiolytic, and hyper-locomotive 370 
effects from buprenorphine (Browne et al., 2017). In the humanized Oprm1 A118G mouse 371 
model, it has been shown that the effects of opioid antagonism on alcohol reward and 372 
consumption are affected (Bilbao et al., 2015). Thus, these mice are a genetically tractable and 373 
biologically accessible experimental model systems to identify functional differences in MORs, 374 
which mediate many of these behavioral effects.  375 
 376 
Impact of OPRM1 A118 gene variant (N40D MORs) on synaptic regulation in mesolimbic 377 
DA neurons 378 
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 379 
It has been hypothesized that the addictive properties of opioids are associated with their 380 
stimulation of the DA system: opioid agonists induce DA release in the nucleus accumbens (Acb) 381 
when mice self-administer them specifically into the VTA (Pentney and Gratton, 1991; Devine et 382 
al., 1993; Devine and Wise, 1994). An earlier study indicated that MOR agonists stimulate DA 383 
neurons indirectly through the suppression of inhibitory neurons in the VTA, which causes 384 
disinhibition of DA neurons (Johnson and North, 1992). Thus, a predominant theory in the field 385 
is that the reinforcing properties of opioids are mediated by MORs located on GABAergic 386 
terminals in the VTA.  Upon activation, GABA release onto DA neurons is decreased, resulting 387 
in increased firing of these neurons. The subsequent increase of dopamine in the Acb is 388 
associated with drug reward and reinforcement (Nestler, 2005; Chen et al., 2015) . However, it 389 
has also been demonstrated that VTA GABAergic neurons are less responsive to MOR agonists, 390 
compared to interneurons from other brain regions synapsing onto VTA DA neurons (Matsui et 391 
al., 2014), and excitatory transmission in the VTA can also be suppressed by MOR agonism 392 
(Bonci and Malenka, 1999). It is important to note that VTA DA neurons are also heterogenous 393 
(Lammel et al., 2011; Root et al., 2014). For example, activation of mesolimbic VTA DA neurons 394 
is associated with reward whereas activation of mesocortical DA neurons mediates aversion 395 
(Lammel et al., 2011).  396 
 397 
In the current study, we focused on the mesolimbic mAcbSh projecting VTA DA neurons and 398 
observed that application of the MOR agonist DAMGO excites DA neurons in mice with the 399 
Oprm1 A-allele, but not in those with the G-allele (Fig. 1L-N). We propose that the minor allele 400 
(G/G) causes a loss-of-function in MOR signaling. First, morphine induced hyperactivity, as well 401 
as synaptic suppression, are both reduced in 112G/G mice (Figs. 1A & 8D-F). Consistent with 402 
our findings, previous studies found that 112G/G mice exhibit a blunted response to 403 
morphine/buprenorphine induced locomotor activity (Mague et al., 2009; Browne et al., 2017). 404 
Moreover, it was found that both male and female G/G mice self-administered more heroin than  405 
A/A mice over a 10-day period (Zhang et al., 2015). Second, at the synaptic level, MOR 406 
activation in G/G mice led to reduced suppression of both excitatory and inhibitory synaptic 407 
inputs to mesolimbic DA neurons (Figs. 2,6&7) leading to a smaller shift in AP firing of DA 408 
neurons (Fig. 9) and a potentially lower release of DA into the Acb. In support of our findings, a 409 
previous study on A118G humanized mice also reported that morphine reduced mIPSC 410 
frequency in DA neurons in A/A mice but not in G/G mice (Robinson et al., 2015). Although no 411 
differences in affinity have been observed between N40 (OPRM1 118 A/A) and D40 (i.e. 412 



 

 13 

OPRM1 118G/G) MOR towards ligand binding (Robinson et al., 2015), it has also been reported 413 
that binding affinity could be modified by gene variants (Bond et al., 1998). Therefore, detailed 414 
molecular mechanisms associated with differential regulation of synaptic transmission by MOR 415 
variants requires further elucidation. 416 
 417 
The MOR is a GPCR whose activation causes inhibition of adenylyl cyclase and voltage-418 
dependent calcium channels, and activation of inwardly rectifying potassium channels (Al-419 
Hasani and Bruchas, 2011), ultimately leading to suppression of synaptic release. MOR D40 420 
(G/G) caused deficits in MOR signaling and consequently differently regulated synaptic 421 
transmission (Figs 2,3,6,7). Importantly, the presynaptic regulation of synaptic release mediated 422 
by GABABRs (Cameron and Williams, 1993; Edwards et al., 2017), another GPCR, is not 423 
different between the A/A and G/G genotypes (Figs. 4&5), suggesting that intracellular G 424 
protein coupled signaling is likely intact. However, it has also been reported that MORs and 425 
GABABRs may be differentially coupled to downstream effectors (Bagley, 2014). Nevertheless, 426 
it is apparent that MORs and GABABRs coordinate the firing of VTA DA neurons (Fig. 9). A 427 
loss-of-function in the minor allele caused differential outcomes, which might account for the 428 
different reward behaviors induced by drugs of abuse (Fig. 1A) (Ramchandani et al., 2011; 429 
Bilbao et al., 2015; Robinson et al., 2015; Zhang et al., 2015; Browne et al., 2017) or other types 430 
of behavior (Briand et al., 2015).  431 
 432 
Interestingly, previous reports suggested no obvious acute desensitization of presynaptic MOR 433 
signaling (Fyfe et al., 2010; Pennock and Hentges, 2011; Lowe and Bailey, 2015). However, in 434 
mesolimbic mAcbSh projecting DA neurons we observed some level of decreasing efficacy of 435 
sIPSC suppression when increasing concentrations of DAMGO were applied in the presence of 436 
CNQX and CGP55845 (Figs. 8A&B).  This was not observed when increasing concentrations 437 
of morphine were applied (Figs. 8D&E). In VTA GABAergic nerve terminals, during prolonged 438 
presence of Met-enkephalin or direct activation of protein kinase C (PKC), similar MOR 439 
desensitization was observed (Lowe and Bailey, 2015). The desensitizing effects of DAMGO 440 
observed in VTA-to-mAcbSh DA neurons potentially can be limited to this specific subgroup of 441 
VTA DA neurons (Figs. 8A&B). Or, alternatively, in these cells, under our recording conditions, 442 
different levels of intracellular PKC activities were involved (Lowe and Bailey, 2015). Clearly, 443 
further detailed analyses are needed in addressing the presynaptic dynamics of MOR regulation.  444 
 445 
Future perspectives 446 
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 447 
Over the past two decades, human genetic approaches have identified hundreds of gene 448 
variants that affect a person’s likelihood of developing drug dependence (Agrawal et al., 2012; 449 
Ducci and Goldman, 2012). However, in the vast majority of cases, the molecular mechanisms 450 
of how these alleles confer risk of disease is unknown, and thus, this genetic information alone 451 
cannot be used to develop novel interventions. The present study provides a better 452 
understanding on the neurobiological and behavioral mechanisms that underlie risk of addiction 453 
development in carriers of the A118G SNP in OPRM1. One of the main findings from this work 454 
demonstrates that MOR activation produced less inhibition of neurotransmitter release in the 455 
112G/G mice resulting in lower DA neuron firing in the presence of the opioids. This is in 456 
agreement with behavioral studies in these mice, where females do not find morphine rewarding 457 
in a conditioned place preference test (Mague et al., 2009). A lack of reward and, or lower 458 
dopamine release following opioids could reflect an insensitivity to agonist. In such a case, 459 
individuals may require greater amounts of drug to generate a positive experience, resulting in 460 
an increase in drug-taking behavior, a hallmark of opioid use disorders.  461 
 Because of the high prevalence of opioid addiction and a high prevalence of the A118G minor 462 
allele in human populations (Bergen et al., 1997; Gelernter et al., 1999; Tan et al., 2003; Mague 463 
and Blendy, 2010), it is important to gain a more mechanistic and functional understanding of 464 
MORs with different SNPs (Lotsch and Geisslinger, 2005) by using mouse (Mague et al., 2009; 465 
Bilbao et al., 2015) as well as using human neuronal models (Scarnati et al., 2019). In the 466 
rodent model, high heterogeneity of VTA neurocircuitry (Watabe-Uchida et al., 2012; Matsui et 467 
al., 2014; Beier et al., 2015), and possible gender dependent implications (Kanaji et al., 2014; 468 
Browne et al., 2017) should be considered. Moreover, given the discrepancy of findings related 469 
to A118G SNPs, it is also likely that species-specific dependent mechanisms are involved; 470 
recent developments in human stem cell and human neural stem cell technology (Prytkova et al., 471 
2018; Scarnati et al., 2019) may help facilitate the study of SNPs in a human neuronal context.  472 
 473 
  474 
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Figure Legends 623 
Figure 1.  Activation of MORs produces differential effects on locomotion and VTA-to-624 
mAcbSh projecting DA neurons in Oprm1 112A/A and 112G/G mice. A, Locomotor activity 625 
measurements of double transgenic DAT-ires-Cre:A112G mice after repeated morphine 626 
administration (one-way ANOVA, n=7 for A/A and n=7  for G/G mice). B, Schematic showing 627 
dual injection of AAV DIO-YFP into ventral tegmental area (VTA) and red fluorescent 628 
RetroBeads into the mAcbSh.  C, Fluorescence image showing representative example of the 629 
injection site with red RetroBeads in medial Nucleus Accumbens Shell (mAcbSh) (left panel); 630 
right panel: retrogradely labeled VTA dopamine (DA) neurons and confocal image showing 631 
tyrosine hydroxylase (TH) immunostaining. Insert showing a whole-cell patched VTA DA neuron. 632 
D, Representative traces of elicited action potentials (APs) in VTA-to-mAcbSh projecting DA 633 
neurons in 112A/A and 112G/G mice. E, Pooled data of capacitance in VTA-to-mAcbSh 634 
projecting DA neurons. F, Pooled data of input resistance in VTA-to-mAcbSh projecting DA 635 
neurons. G, Pooled data of spontaneous AP firing in VTA-to-mAcbSh projecting DA neurons. H, 636 
Representative traces of hyperpolarization pulse induced current responses in VTA-to-mAcbSh 637 
projecting DA neurons in 112A/A and 112G/G mice. Pooled data of spontaneous AP firing in 638 
VTA-to-mAcbSh projecting DA neurons. I, Representative traces of spontaneous inhibitory 639 
postsynaptic currents (sIPSCs) and spontaneous excitatory postsynaptic currents (sEPSCs) 640 
recorded from VTA-to-mAcbSh projecting DA neurons from 112A/A and 112G/G mice. J, 641 
Pooled data of sIPSCs frequency and amplitude recorded from VTA-to-mAcbSh projecting DA 642 
neurons. K, Pooled data of sEPSCs frequency and amplitude recorded from VTA-to-mAcbSh 643 
projecting DA neurons. L, Representative traces of spontaneous AP firing in VTA-to-mAcbSh 644 
projecting DA neurons in response to MOR agonist DAMGO (1 μM). M, Pooled data of 645 
individual DA neuronal responses and cumulative probability plot of AP inter-event-intervals 646 
(IEIs) to application of DAMGO in major allele carriers (left panel: one-way ANOVA (p < 0.05), 647 
n=15/7, cell numbers/mice; right panel: KS test, p<0.001). N, Pooled data of individual DA 648 
neuronal responses and cumulative probability plot of AP IEIs to application of DAMGO in minor 649 
allele carriers (left panel: one-way ANOVA (p < 0.05), n=15/8, cell numbers/mice; right panel: 650 
KS test, p=0.676). Data are represented as mean± SEM. Number of neurons/number of animals 651 
are indicated in bars.  652 
 653 
 654 
 655 



 

 20 

Figure2 . DAMGO suppresses inhibitory synaptic strength in VTA-to-mAcbSh projecting 656 
DA neurons in 112A/A and 112G/G mice. A, Representative traces of spontaneous inhibitory 657 
postsynaptic currents (sIPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 658 
absence (control) of DAMGO (1 M). B, Cumulative probability plots of inter-event-intervals 659 
(IEIs) (112A/A: KS test p<0.001, 112G/G: KS test p<0.01) and amplitudes (112A/A: KS test, 660 
p<0.001, 112G/G: KS test, p=0.559) for sIPSCs in the presence or absence (control) of DAMGO. 661 
C, Pooled data for normalized sIPSCs frequency. D, Pooled data for normalized sIPSCs 662 
amplitude. E, Representative traces of miniature inhibitory postsynaptic currents (mIPSCs) in 663 
VTA-to-mAcbSh projecting DA neurons in the presence or absence (control) of DAMGO. F, 664 
Cumulative probability plots of IEIs (112A/A: KS test, p<0.001, 112G/G: KS test, p<0.01) and 665 
amplitudes (112A/A: KS test, p<0.05, 112G/G: KS test, p=0.873) for mIPSCs in the presence or 666 
absence (control) of DAMGO. G, Pooled data for normalized mIPSCs frequency. H, Pooled data 667 
for normalized mIPSCs amplitude. I-J, Fluorescent image showing co-localization of mu opioid 668 
receptor (MOR) and vesicular GABA transporter (VGAT) in VTA (DA neurons labeled with 669 
antibodies against tyrosine hydroxylase (TH)). K. Colocalization analysis of VGAT and MOR 670 
immunofluorescence. Data are presented as mean ± SEM, number of neurons/number of 671 
animals are indicated in bars, one-way ANOVA was used to evaluate between genotype 672 
statistical differences *p < 0.05; **p < 0.01.  673 
 674 
Figure 3. DAMGO suppresses excitatory synaptic transmission in VTA-to-mAcbSh 675 
projecting DA neurons in 112A/A and 112G/G mice. A, Representative traces of 676 
spontaneous excitatory postsynaptic currents (sEPSCs) in VTA-to-mAcbSh projecting DA 677 
neurons in the presence or absence (control) of DAMGO (1 M). B, Cumulative probability plots 678 
of inter-event-intervals (IEIs) (112A/A: KS test, p<0.05, 112G/G: KS test, p<0.05) and 679 
amplitudes (112A/A: KS test, p=0.741, 112G/G: KS test, p=0.693) for sEPSCs in the presence 680 
or absence (control) of DAMGO. C, Pooled data for normalized sEPSCs frequency. D, Pooled 681 
data for normalized sIPSCs amplitude. E, Representative traces of miniature excitatory 682 
postsynaptic currents (mEPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 683 
absence (control) of DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS test, p<0.001, 684 
112G/G: KS test, p=0.462) and amplitudes (112A/A: KS test, p=0.843, 112G/G: KS test, 685 
p=0.126) for mEPSCs in the presence or absence (control) of DAMGO. G, Pooled data for 686 
normalized mEPSCs frequency. H, Pooled data for normalized mEPSCs amplitude. I-J, 687 
Fluorescent image showing co-localization of mu opioid receptor (MOR) and vesicular 688 
glutamate transporter 2 (VGlut2) in VTA DA neurons labeled with antibodies against tyrosine 689 
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hydroxylase (TH). K. Colocalization analysis of VGlut2 and MOR immunofluorescence.  Data 690 
are presented as mean ± SEM, number of neurons/number of animals are indicated in bars, 691 
one-way ANOVA was used to evaluate between genotype statistical differences *p < 0.05, ***p 692 
< 0.001).  693 
 694 
Figure 4. GABABRs regulate inhibitory synaptic inputs of VTA-to-mAcbSh projecting DA 695 
neurons in 112A/A and 112G/G mice. A, Representative traces of spontaneous inhibitory 696 
postsynaptic currents (sIPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 697 
absence (control) of the GABABR antagonist CGP 55845 (1 μM). B, Cumulative probability plots 698 
of inter-event-intervals (IEIs) (112A/A: KS test, p<0.01, 112G/G: KS test, p<0.001) and 699 
amplitudes (112A/A: KS test, p=0.661, 112G/G: KS test, p=0.681) for sIPSCs in the presence or 700 
absence (control) of CGP 55845. C, Pooled data for normalized sIPSCs frequency. D, Pooled 701 
data for normalized sIPSCs amplitude. E, Representative traces of miniature inhibitory 702 
postsynaptic currents (mIPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 703 
absence (control) of CGP 55845. F, Cumulative probability plots of IEIs (112A/A: KS test, 704 
p=0.05, 112G/G: KS test p<0.05) and amplitudes (112A/A: KS test, p=0.869, 112G/G: KS test, 705 
p=0.764) for mIPSCs in the presence or absence (control) of CGP 55845. G, Pooled data for 706 
normalized mIPSCs frequency. H, Pooled data for normalized mIPSCs amplitude. Data are 707 
presented as mean ± SEM, number of neurons/number of animals are indicated in bars, one-708 
way ANOVA was used to evaluate between genotypes statistical differences.  709 
 710 
Figure 5. GABABRs regulate the excitatory synaptic inputs of VTA-to-mAcbSh projecting 711 
DA neurons in 112A/A and 112G/G mice. A, Representative traces of spontaneous excitatory 712 
postsynaptic currents (sEPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 713 
absence (control) of the GABABR antagonist CGP 55845 (1 μM). B, Cumulative probability plots 714 
of inter-event-intervals (IEIs) (112A/A: KS test, p<0.05, 112G/G: KS test, p<0.001) and 715 
amplitudes (112A/A: KS test, p=0.851, 112G/G: KS test ,p=0.873) for sEPSCs in the presence 716 
or absence (control) of CGP 55845. C, Pooled data for normalized sEPSCs frequency. D, 717 
Pooled data for normalized sEPSCs amplitudes in the presence or absence (control) of DAMGO. 718 
E, Representative traces of miniature excitatory postsynaptic currents (mEPSCs) in VTA-to-719 
mAcbSh projecting DA neurons in the presence or absence (control) of CGP 55845. F, 720 
Cumulative probability plots of IEIs (112A/A: KS test p<0.05, 112G/G: KS test, p<0.001)   and 721 
amplitudes (112A/A: KS test, p=0.193, 112G/G: KS test, p=0.810) for mEPSCs in the presence 722 
or absence (control) of CGP 55845. G, Pooled data for normalized mEPSCs frequency. H, 723 
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Pooled data for normalized mEPSCs amplitude. Data are presented as ± SEM , number of 724 
neurons/number of animals are indicated in bars, one-way ANOVA was used to evaluate 725 
between genotypes statistical differences.  726 
 727 
 728 
Figure 6. MORs regulate the inhibitory synaptic inputs of VTA-to-mAcbSh projecting DA 729 
neurons in the absence of GABAB regulation in 112A/A and 112G/G mice. A, 730 
Representative traces of spontaneous inhibitory postsynaptic currents (sIPSCs) in VTA-to-731 
mAcbSh projecting DA neurons in the presence or absence (control) of the GABABR antagonist 732 
CGP 55845 (1 μM) and the MOR agonist DAMGO (1 μM). B, Cumulative probability plots of 733 
inter-event-intervals (IEIs) (112A/A: KS test, p<0.05, 112G/G: KS test, p<0.01) and amplitudes 734 
(112A/A: KS test, p=0.816, 112G/G: KS test, p=0.431) for sIPSCs in the presence or absence 735 
(control) of CGP 55845+DAMGO. C, Pooled data for normalized sIPSCs frequency. D, Pooled 736 
data for normalized sIPSCs amplitude. E, Representative traces of miniature inhibitory 737 
postsynaptic currents (mIPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 738 
absence (control) of CGP 55845+DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS 739 
test, p<0.01, 112G/G: KS test, p<0.05)  and amplitudes (112A/A: KS test, p=0.561, 112G/G: KS 740 
test, p=0.547) for mIPSCs in the presence or absence (control) of CGP 55845+DAMGO. G, 741 
Pooled data for normalized mIPSCs frequency. H, Pooled data for normalized mIPSCs 742 
amplitude. Data are presented as mean± SEM, number of neurons/number of animals are 743 
indicated in bars, one-way ANOVA was used to evaluate between genotypes statistical 744 
differences *p < 0.05.  745 
 746 
Figure 7. MORs regulate the excitatory synaptic inputs in VTA-to-mAcbSh projecting DA 747 
neurons in the absence of GABAB regulation in 112A/A and 112G/G mice. A, 748 
Representative traces of spontaneous excitatory postsynaptic currents (sEPSCs) in VTA-to-749 
mAcbSh projecting DA neurons in the presence or absence (control) of the GABABR antagonist 750 
CGP 55845 (1 μM) and the MOR agonist DAMGO (1 μM). B, Cumulative probability plots of 751 
inter-event-intervals (IEIs) (112A/A: KS test, p<0.05, 112G/G: KS test, p<0.05)  and amplitudes 752 
(112A/A: KS test, p=0.561, 112G/G: KS test, p=0.769)  for sEPSCs in the presence or absence 753 
(control) of CGP 55845+DAMGO. C, Pooled data for normalized sEPSCs frequency. D, Pooled 754 
data for normalized sEPSCs amplitude. E, Representative traces of miniature excitatory 755 
postsynaptic currents (mEPSCs) in VTA-to-mAcbSh projecting DA neurons in the presence or 756 
absence (control) of CGP 55845+DAMGO. F, Cumulative probability plots of IEIs (112A/A: KS 757 
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test, p<0.01, 112G/G: KS test, p=0.291) and amplitudes (112A/A: KS test, p=0.662, 112G/G: KS 758 
test, p=0.318) for mEPSCs in the presence or absence (control) of CGP 55845+DAMGO. G, 759 
Pooled data for normalized mEPSCs frequency. H, Pooled data for normalized mEPSCs 760 
amplitude. Data are presented as mean± SEM, number of neurons/number of animals are 761 
indicated in bars, one-way ANOVA was used to evaluate between genotype statistical 762 
differences *p < 0.05; **p < 0.01.  763 
 764 
Figure 8. VTA-to-mAcbSh projecting DA neurons respond differentially to various 765 
concentrations of DAMGO and morphine in Oprm1 112A/A and 112G/G mice. 766 
A, Representative traces of spontaneous inhibitory postsynaptic currents (sIPSCs), recorded in 767 
presence of the GABABR blocker from VTA-to-mAcbSh projecting DA neurons in response to 768 
increasing concentrations of DAMGO (0.1-10 M). B, Pooled data for normalized sIPSCs 769 
frequency. C, Pooled data for normalized sIPSCs amplitude. D, Representative traces of 770 
spontaneous IPSCs (sIPSCs), recorded in the presence of GABABR blockers, from VTA-to-771 
mAcbSh projecting DA neurons in response to increasing concentrations of morphine (0.1-10 772 

M). E, Pooled data for normalized sIPSCs frequency. F, Pooled data for normalized sIPSCs 773 
amplitude. Data are represented as mean± SEM, n numbers are indicated in the plots. One-way 774 
ANOVA was used to evaluate between genotype statistical difference *p < 0.05. 775 
 776 
 777 
Figure 9. Modulation of VTA-to-mAcbSh DA neuronal firing by MORs and GABABRs in 778 
112A/A and 112G/G mice. A, Example traces of spontaneous action potential (sAP) firing, 779 
recorded in the cell-attached configuration, from VTA-to-mAcbSh projecting DA neurons; 780 
Picrotoxin (PTX or P, 50 μM), CGP55845 (C, 1 μM) and DAMGO (D, 1 μM) were added 781 
consecutively to record from 112A/A and 112G/G mice VTA brain slices. B, Pooled data of 782 
normalized AP firing rates under different conditions. Data are presented as ± SEM, number of 783 
neurons/number of animals are indicated in bars, one-way ANOVA was used to evaluate 784 
between genotype statistical differences *p < 0.05. C, Schematic showing that MOR and 785 
GABABRs coordinate in regulating synaptic transmission in the VTA-to-mAcbSh projecting DA 786 
neurons. 787 
 788 
 789 
 790 
 791 




















