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Abstract

The OPRM1 A118G single nucleotide polymorphism (SNP rs1799971) gene variant encoding the 

N40D ¼-opioid receptor (MOR) has been associated with dependence on opiates and other drugs 

of abuse but its mechanism is unknown. The frequency of G-allele carriers is ~40% in Asians, 

~16% in Europeans, and ~3% in African-Americans. With opioid abuse-related deaths rising at 

unprecedented rates, understanding these mechanisms may provide a path to therapy. Here we 

generated homozygous N40D subject-specific induced inhibitory neuronal cells (iNs) from seven 

human induced pluripotent stem (iPS) cell lines from subjects of European descent (both male and 

female) and probed the impact of N40D MOR regulation on synaptic transmission. We found that 

D40 iNs exhibit consistently stronger suppression (versus N40) of spontaneous inhibitory 

postsynaptic currents (sIPSCs) across multiple subjects. To mitigate the confounding effects of 

background genetic variation on neuronal function, the regulatory effects of MORs on synaptic 

transmission were recapitulated in two sets of independently engineered isogenic N40D iNs. In 

addition, we employed biochemical analysis and observed differential N-linked glycosylation of 

human MOR N40D. This study identifies neurophysiological and molecular differences between 

human MOR variants that may predict altered opioid responsivity and/or dependence in this subset 

of individuals.
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INTRODUCTION

Well over 72,000 Americans died of opioid overdose in 2017, with a sharp increase in 2014 

– 2017 due to synthetic opioids 1, prompting a public health crisis whose biological 

underpinnings are poorly understood. The ¼-opioid receptor (MOR) mediates the most 

powerful addictive properties of abused opiates and much research has identified chemically 

diverse ligands of varying efficacies for pain relief or treatment of addiction. Because of its 

substantive role in mediating reward and positive reinforcement, the MOR is also an indirect 

target of alcohol, nicotine, and other drugs of abuse 2, 3. MOR-mediated synaptic alterations 

in reward-associated brain regions may represent a key underlying mechanism of 

reinforcement in drug abuse 4, but our understanding of this process in human neurons is 

limited.

Human genetic studies suggest that OPRM1 (encodes MOR) gene variants play key roles in 

susceptibility to opioid addiction in humans. Most prominently, an A118G single nucleotide 

polymorphism (SNP) in OPRM1, rs1799971, is a non-synonymous gene variant which 

replaces asparagine at position 40 (N40) with aspartate (D40), occurs at a frequency of ~3% 

in African, 39-42% in Asian and ~16% in European ancestry 5, and is associated with drug 

dependence phenotypes 6, 7. There have been numerous investigations into the functional 

consequences of the MOR D40 variant on receptor activation in overexpression models or 

knock-in models with mouse, primates, and humans 6, 8–16. Importantly, human clinical 

studies found that MOR A118G alters hypothalamic-pituitary-adrenal (HPA) axis activation, 

and human subjects (of both sexes) harboring A118G-allelilc variants were shown to have a 

relatively greater tonic inhibition at HPA sites through the MOR 17, 18. In addition, monkeys 

carrying OPRM1 C77G SNP (thought to be analogous to A118G, but not on A118G per se) 

demonstrated a higher MOR affinity to β-endorphin and significantly lower basal 

adrenocorticotropic hormone (ACTH) stimulated plasma cortisol levels associated with 

aggression16. Bioinformatic analyses and animal studies reveal that the N40D substitution 

likely destroys an N’-terminal glycosylation site and reduces the surface expression of 

MORs 19–21. Nevertheless, another study using a humanized mouse model of N40D (i.e., the 

first exon of mouse OPRM1 was replaced with the first of human OPRM1 harboring N40D) 

is not in total agreement with this finding 22. Thus, understanding how the D40 variant 

affects MOR signaling and synaptic function when expressed at normal levels in human 

neurons may provide insight into mechanisms underlying drug abuse, at least in people 

carrying this variant.

In order to fill the gap in studies performed in the mouse and heterologous systems, we 

generated human induced neuronal (iN) cells from induced pluripotent stem (iPS) cells 

derived from subjects carrying homozygous alleles for either MOR N40 or D40 in order to 

better dissect the role of MOR N40D in a physiologically relevant and human-specific 

model system. The aim of this project is to unravel the cellular/synaptic mechanism(s) of 

MOR N40D gene variants in a human neuronal cell context but we do not intend to elucidate 

the etiology of N40D MOR variants here because the main readout is patch clamp synaptic 

physiology (which is rather labor intensive and low in throughput). We found that MOR 

modulation of synaptic function is affected by N40D substitutions in human neurons in 

donor iPS cells (3 N40, 4 D40 homozygous subjects) as well as in two pairs of isogenic 
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N40D neurons generated using CRISPR gene targeting. However, we believe an analysis of 

3 vs 4 unrelated donors, varying at only a single SNP, will be difficult to justify any 

detectable effects at the population level. Nevertheless, elucidating the molecular/cellular/

synaptic mechanism(s) of N40D will reveal potential contributions to neuropsychiatric 

disorders, such as alcohol use disorders (AUDs) and drug use disorders (DUDs). This study, 

however, exemplifies the use of patient-specific iPS cells as well as gene targeted isogenic 

stem cell lines to advance our understanding of the fundamental cellular and synaptic 

alterations associated with addiction risk gene variants in a human neuronal context.

METHODS AND MATERIALS

Generation of human iPS cells from lymphocytes of subjects carrying MOR N40D

The original selection criteria we requested from the Collaborative Genetic Study of 

Nicotine Dependence (COGEND) group was to include subjects with similar backgrounds, 

including both sexes, and availability of frozen cells in the repository. We did not request 

additional SNP data, nor did we receive ages of the subjects. We specifically chose to draw a 

line between the genetics group performing genome wide associated studies (GWAS) and 

our study, since we could never achieve the power necessary to assess additional genetic 

markers in such a small number of subjects, and we wished to maintain subject anonymity 

since we used deidentified repository specimens. All cells in this collection are consented for 

cell line construction and are exempt from IRB review under 45 CFR part 46 exemption 4.

Human iPS cell lines were generated by RUCDR Infinite Biologics ® from human primary 

lymphocytes carrying either MOR N40 or D40 genotypes using Sendai viral vectors 

(CytoTune™, ThermoFisher Scientific), as previously described 23. Human iPS cells were 

cultured and maintained as described previously 24. Human iPS cells were cultured in 37°C, 

5% CO2 on Matrigel® Matrix (Corning Life Sciences)- coated plates in mTeSR medium 

(Stem Cell Technologies). For passaging and differentiation, done weekly, iPS cells were 

dissociated using Accutase (Stem Cell Technologies), spun down at 1000 rpm for 5 minutes, 

and re-plated at a density of 20,000 cells/cm2 for maintenance cultures and 50,000 cells/cm2 

for differentiation.

Generations of isogenic human stem cell lines carrying N40D MOR gene variants

Two pairs of isogenic N40D MOR human stem cells lines were generated using CRISPR/

Cas9 genome editing. Briefly, to convert H1 embryonic stem (ES) cells carrying 

homozygous AA118 major allele to GG118 homozygous minor alleles, a sgRNA designed 

from Optimized CRISPR Design Tool (http://crispr.mit.edu/) and Cas9 were expressed using 

the PX459 vector (Addgene plasmid #62988) and was transfected using the Lipofectamine 

3000 reagent (ThermoFisher Scientific, L300015) along with a single stranded 

oligodeoxynucleotide (ssODN) of 140 base pairs with homology arms flanking the mutation 

site carrying mutations for G118, a BamHI restriction enzyme site for screening, along with 

a mutation to mutate the PAM sequence. Individual clones were hand-picked for expansion 

and screening by PCR and sequencing. Heterozygous clone 9-2 was expanded and 

transfected for targeting the second allele of OPRM1 Exon 1. The two homozygous G118 

knock-in clones were further subcloned before expansion and freezing.
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To convert rs1799971 in the 03SF subject iPS cell line from homozygous minor allele (GG) 

to major allele (AA), a slightly different strategy was used. First, a CRISPR targeting site 

was found using ZiFit software 25. The target site (GGCAACCTGTCCGACCCATG) 

included the major allele sequence so the guide RNA (gRNA) was designed to incorporate 

the minor allele (GGCgACCTGTCCGACCCATG). A 200 nt homologous recombination 

donor oligo was designed to convert minor to major allele, inactivate the CRISPR site, and 

introduce a HpaI site for screening. The gRNA was synthesized by PCR and in vitro 

transcription (GeneArt Precision gRNA Synthesis Kit, Life Technologies) 26, mixed with 

synthetic Cas9 protein (Life Technologies), donor oligo, and the mixture was electroporated 

into iPS cells (Amaxa nucleofector, Lonza) along with a GFP expression plasmid (pGFP-

Max, Lonza). One day later, cells were dissociated with Accutase and GFP-expressing cells 

were collected by FACS and plated at about 5,000 cells per well in a 6-well plate on 

irradiated mouse embryonic fibroblasts (MEFs). By 7-10 days, colonies were visible and 

hand-picked for screening. Three iPS cell clones were selected: C12, which had no evidence 

of editing to be used as a negative control; D11 and A10, which both had homozygous edits 

to produce rs1799971 major allele (AA). In all gene-targeted cell lines, sequencing 

confirmed these edits and that all predicted off-target sites were unchanged.

Generation of GABAergic iN cells from human ES and iPS cells

The protocol of generating GABAergic human iN cells was described recently 27. Briefly, 

iPS cells and ES cells were plated as dissociated cells on Matrigel ® Matrix (Corning Life 

Sciences)-coated dishes in mTeSR (Stem Cell Technologies) medium with 2 ¼M Y-27632 

(Stemgent). The following day, the cells were infected with Ascl1, Dlx2 and rtTA 

lentiviruses for 10-12 hours upon which culture medium was replaced with Neurobasal 

medium (GIBCO by Life Technologies) with B27 and L-Glutamine supplemented with 2 

¼g/mL of doxycycline (MP Biomedicals) and 2 ¼M Y-compound to induce TetO 

expression. The protocol for generating lentiviruses expressing different transcription factors 

was previously described 27. Puromycin and hygromycin selection was conducted for the 

following 2 days, and on day 5, the iN cells were dissociated with Accutase and plated on 

glass coverslips with a monolayer of passage three primary astrocytes isolated from p1-3 

pups, as described previously 24, 27, 28. Following plating, 50% of the culture medium was 

replaced every 2-3 days with fresh Neurobasal media containing B27, L-Glutamine, 100 

ng/ml of BDNF, NT3 and GDNF.

Real-time RT-PCR (qPCR)

Total neuronal RNA from three independently generated batches of iN cells for each cell 

line was prepared using TRIzol ® Reagent (Thermo Fisher Scientific), human-specific 

Taqman probes were purchased for OPRM1, MAP2, Tuj1, VGAT, GAD1, TH and PCR 

reaction conditions followed the manufacturer’s recommendations. Undifferentiated iPS 

cells, ES cells, and mouse astrocytes were used as negative controls. A sample of total RNA 

of a healthy human brain as well as human Thalamus from Biochain ® was used as a 

positive control. Relative RQ values were obtained by normalizing expression levels to the 

C12 iN condition. Student’s t-test was used to compare grouped N40 and D40 means. 

Evaluation of qPCR was performed blind to the genotype. See Supplemental Table 1 for a 

comprehensive list of primers and probes used in this study.
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Immunocytochemistry and confocal imaging

Inhibitory human neurons were fixed for 15 minutes in 4% paraformaldehyde in phosphate 

buffered saline (PBS) and permeabilized using 0.1% Triton X-100 in PBS for 10 minutes at 

room temperature. Cells were then incubated in blocking buffer (4% bovine serum albumin 

(BSA) with 1% normal goat serum in PBS) for 1 hour at room temperature and then 

incubated with primary antibodies diluted in blocking buffer for 1 hour at room temperature, 

washed with PBS three times, and subsequently incubated in secondary antibodies for 1 

hour at room temperature. Confocal imaging analysis was performed using a Zeiss LSM700. 

Primary Antibodies used include: mouse anti Oct4 (Millipore Sigma MAB4401, 1:2000), 

mouse anti Tra-1-60 (Millipore Sigma MAB4360, 1:1000), mouse anti MAP2 (Sigma-

Aldrich M1406, 1:500), rabbit anti MAP2 (Sigma-Aldrich M3696, 1:500), chicken anti 

MAP2 (Millipore AB5543, 1:1000), rabbit anti Synapsin (e028, 1:3000), rabbit anti VGAT 

(Millipore Sigma AB5062P, 1:2000), mouse anti Gad-67 (Abcam ab26116, 1:500), mouse 

anti β3 Tubulin (BioLegend 801201, 1:2000), mouse anti Calbindin (Abcam ab82812, 

1:500), guinea pig anti Parvalbumin (Swant GP72, 1:2500), rat anti Somatostatin (Millipore 

MAB354, 1:50).

Electrophysiology

Functional analyses of iN cells were conducted using whole cell patch-clamp as described 

elsewhere 24, 29. Briefly, a K-Gluconate internal solution was used, which consisted of (in 

mM): 126 K-Gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na2, 10 Phosphocreatine. 

The pH was adjusted to 7.2 and osmolarity was adjusted to 270-290 mOsm. The bath 

solution consisted of (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 Glucose. 

The pH was adjusted to 7.4. Spontaneous inhibitory postsynaptic currents (sIPSCs) were 

recorded either at a holding potential of 0 mV under voltage-clamp mode or at a −70 mV 

holding potential with 20 ¼M CNQX added to the perfusion solution. Miniature IPSCs 

(mIPSCs) were recorded in the presence of tetrodotoxin (1 ¼M). Intrinsic action potential 

firing properties of the iN cells were recorded in a bath solution containing 50 ¼M 

Picrotoxin and 20 ¼M CNQX. Evoked synaptic currents were elicited using an extracellular 

concentric bipolar stimulating electrode positioned approximately 100 ¼m away from the 

cell soma. All recordings in cultured human neurons were performed at room temperature 

because recordings made at higher temperature in cultured neurons resulted in poor 

recording quality and short time period of recordings. Cells were excluded from analysis if 

access resistance changed by more than 20% along the duration of the recording. In 

addition, any iNs whose access resistance was greater than 35 MΩ was also excluded from 

analysis. The following MOR agonists/antagonist were used for the recordings: DAMGO 

(Hellobio): 0.1-10 ¼M; Naltrexone hydrochloride (Tocris): 5 ¼M; Morphine sulphate: 10 

¼M; Data presentation: All data are presented as mean ± S.E.M. Student’s t-test or 2-way 

ANOVAs were used to assess statistical significance.

Expression of recombinant N’-terminal fragment of human MOR and glycosylation assay

The N-terminal fragments carrying N40D variants were expressed by using an expression 

vector for extracellular secretion in mammalian cells. Briefly, the soluble N-terminal region 

of MOR N40 and D40 fused with a C-terminal IgG Fc domain to permit affinity 
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chromatography was inserted in expression vector p-cDNA 3.1. This construct has been 

further modified to introduce a 3Cpro cleavage site upstream from the Fc domain as 

described previously 30. Both N-terminal MOR constructs (N40 and D40) contained the 

original expression vector, an N-terminal FLAG tag, signal peptide sequence and Fc 

sequence. They were expressed in HEK293 and HEK293 GnT1- (lacking the N-

acetylglucosaminyltransferase I gene needed for high-order N-linked glycosylation 

processing) cells.

Transfected HEK cells were maintained at 37℃ and 5% CO2 in Dulbecco’s modified 

Eagle’s medium (DMEM) containing up to 10% fetal bovine serum (FBS). Media was 

collected 48 hours following transfection. Cell lysates from HEK-293 cells expressing N40D 

MOR N-terminal peptides were collected and centrifugation was performed to remove all 

non-soluble components from the cell culture media. 5% SDS and 1 M DTT were added to 

the lysate and heated to 95℃ for 5 minutes to denature total proteins contained within the 

soluble fraction. Denatured proteins were incubated with recombinant PNGase F (2.5 U/μL) 

overnight at 37℃. To stop the reactions, 4x SDS-PAGE loading buffer was added to each 

sample and heated at 95℃ for 5 minutes. Samples were analyzed with Western blotting 

using anti-FLAG tag antibody (1:2500) (Sigma Aldrich; F3165) and horseradish peroxidase-

conjugated anti-mouse secondary antibody (1:20,000) (Life Technologies; 31430).

Statistics

For electrophysiological and qPCR analyses we employed at least 3 independent infection 

batches of iNs (biological replicates). The effects of MOR agonists (DAMGO or morphine) 

were normalized to basal activity in the absence of the drugs, i.e. drug effects are defined as 

the relative changes to the baseline values (in the absence of drug). The effect of drugs 

before and after the application in the same group of cells were compared using paired t-

tests. On normalized post-treatment data, 1-way ANOVA tests were used to evaluate the 

effects between genotypes.

RESULTS

Generation of human inhibitory neurons carrying N40D MOR variants

To investigate the functional role of the MOR N40D variant in a human neuronal context, 

we obtained iPS cells from multiple individuals of European descent carrying homozygous 

alleles for either MOR N40 (n=4) or MOR D40 (n=3) (Supplemental Fig. 1A). The 

rs1799971 genotype and the pluripotency of all seven iPS cell lines were confirmed by 

sequencing and colocalized immunocytochemistry (ICC) for OCT4 and Tra-1-60 (Fig. 1A–

B).

It has been shown that activation of MOR signaling causes suppression of inhibitory neurons 

which finally leads to excitation of midbrain dopaminergic (DA) neurons, a disinhibition 

mechanism 31, 32. We therefore derived inhibitory induced neuronal (iN) cells from all 7 iPS 

cell lines by lentiviral mediated ectopic expression of the transcription factors Ascl1 and 

Dlx2 27. These induced human neuronal cells express pan-neuronal markers including 

MAP2, βIII-tubulin, and Synapsin (Fig. 1C, Supplemental Fig. 1B) as well as inhibitory 
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neuronal markers GAD67 and VGAT (Fig. 1D, Supplemental Figs. 1C, 1N–O). They also 

exhibit OPRM1 of similar expression levels (Supplemental Fig. 1M). Thus, the N40D SNP 

has no impact on MOR expression or inhibitory neuronal identity. To examine whether the 

N40 and D40 iN cells are functionally comparable under baseline conditions, we performed 

whole cell patch-clamp recordings of iN cells after 5-6 weeks of re-plating onto a monolayer 

of mouse glia. The iN cells of both genotypes exhibit similar intrinsic membrane properties 

(Supplemental Fig. 1D–F), can fire repetitive spontaneous action potentials (APs) at baseline 

levels (Supplemental Fig. 1G–I), and exhibit similar intrinsic excitability at baseline 

conditions (Fig. 1H–I). Similarly, no significant differences in spontaneous or miniature 

inhibitory postsynaptic currents (sIPSCs and mIPSCs, respectively) were observed by 

genotype (Figs. 1E–G, Supplemental Fig. 1J–L), indicating that the N40D variant does not 

affect passive or active membrane properties and that the neurons generated from subject iPS 

cell lines are of similar functional maturation and differentiation status.

MOR D40 iN cells exhibit altered sensitivity to the MOR agonist DAMGO

There have been numerous studies 6, 8–15 examining the functional consequences of MOR 

N40D on receptor activation in overexpression models and in knock-in mice harboring MOR 

N40D, but no functional or electrophysiological analyses on cultured neurons have been 

conducted, specifically not in a human neuronal context. To gauge whether N40 and D40 iN 

cells respond differently to MOR activation, we used a MOR-specific agonist DAMGO ([D-

Ala2, N-MePhe4, Gly-ol]-enkephalin) to study its role on modulating synaptic release. In 

both N40 and D40 iN cells, DAMGO suppressed sIPSCs in a dose-dependent manner (Fig. 

1J). However, the suppression of sIPSC frequency was more robust in D40 iN cells 

compared to N40 iN cells in multiple repeated experiments and multiple iPS cell lines (Fig. 

1K–L), with no difference in sIPSC amplitude by genotype. To confirm that the observation 

is not due to a residual effect of prolonged agonist exposure, we applied a single 

concentration of 10 ¼M DAMGO (Fig. 1M–N) and similarly found that D40 iN cells 

respond more robustly to MOR activation compared to N40 iN cells, illustrating genotype-

dependent regulation of MOR signaling.

Generation of isogenic human pluripotent stem cell lines carrying MOR N40D SNP

To directly compare the two MOR genotypes in identical genetic backgrounds, eliminating 

the impact of secondary genetic variation, we generated two sets of isogenic human stem 

cell lines using CRISPR/Cas9 gene targeting. We first targeted the MOR locus in a well-

characterized human H1 ES cell line, which is homozygous for the major allele (A118), 

using a sgRNA targeting the antisense DNA strand along with a 140bp single stranded 

oligodeoxynucleotide carrying G118 (Fig. 2A–B). Simultaneously, we converted one patient 

iPS cell line which is homozygous for the G118 allele to a homozygous A118 genotype with 

an alternative strategy utilizing direct transduction of guide RNA and Cas9 protein into the 

subject cell line (Fig. 2C–D). We isolated two clones (Supplemental Fig. 2A–C) with no 

detectable off-target effects from each targeting scheme. Inhibitory iN cells generated from 

isogenic lines are positive for MAP2, Synapsin and VGAT (Fig. 2E–F) and exhibit similar 

intrinsic membrane properties (Supplemental Fig. 2D–E) as well as sIPSC and AP properties 

in both genotypes (Supplemental Figs. 2F–G, Supplemental Figs. 3A–C).The densities and 

sizes of synapses were also not significantly different between genotypes (Supplemental Fig. 
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2H–I). To examine the overall homogeneity as well as to demonstrate similar maturation 

stages of isogenic iNs we performed qPCR against several diagnostic mRNA targets 

(Summary is at Supplemental Table 1, Supplemental Fig. 4). We measured the expression 

levels of all four classes of opioid receptors, various subunits of GABAA and GABAB 

receptors, and classic markers to identify specific subclasses of GABAergic neurons. We 

found no significant differences between mRNA levels (with the exception of the mRNA 

encoding the Kappa Opioid Receptor, OPRK1) between N40- and D40-containing iNs. To 

further validate our qPCR data, we also performed IHC against 3 of the major GABAergic 

neuronal subtypes: parvalbumin (PV), calbinidin-1 (Calb1), and somatostatin (SST). 

Consistent with the qPCR we observed a strong SST signal in both genotypes (Supplemental 

Fig. 4A). These data illustrate that the N40D SNP does not alter synaptogenesis and 

functional maturation as well as the patterning of isogenic human neurons. These data 

further suggest no difference in baseline neuronal function in N40D human iNs.

Isogenic human neurons recapitulate differential DAMGO response phenotype and exhibit 
altered synaptic function

In this highly controlled system of isogenic iN cells, we observed less culture-to-culture 

variability than the subject cell lines for OPRM1 mRNA and inhibitory neuronal markers 

(Fig. 2G–I). Moreover, because the patient derived A118 and G118 iN cells exhibited the 

most robust difference in sIPSC frequency at a DAMGO concentration of 6 ¼M, we 

examined whether the isogenic iN cells exhibit a similar difference in DAMGO mediated 

synaptic responses at this DAMGO concentration. We observed a similar decrease in sIPSC 

frequency compared to subject iN cells following acute DAMGO application, with a 

stronger inhibition in D40 versus N40 iN cells, and no effect on amplitude (Fig. 2J–O). 

Furthermore, to determine whether the effect of DAMGO was mediated by the MOR, we 

applied Naltrexone, a broad spectrum MOR antagonist, and found that the DAMGO-induced 

synaptic suppression could be reversed (Supplemental Fig. 2J–K). Importantly, 

administration of Naltrexone alone does not affect synaptic transmission in either genotype 

(Supplemental Fig. 5). Thus, the reproducibility of the DAMGO response phenotype 

illustrates that the D40 variant alone explains the differential signaling and the effect is 

unlikely due to the impact of intrinsic genetic variability between individuals.

We focused the remaining analyses on one pair of isogenic cell lines, C12 (D40) and A10 

(N40), on the basis of their consistent differentiation and maturation. We found that 

DAMGO application more robustly decreased mIPSC frequency in D40 versus N40 iN cells, 

which no change in mIPSC amplitude (Fig. 3A–C), which suggests a DAMGO mediated 

decrease in synaptic release. Consistent with the decrease in mIPSC frequency, we observed 

that DAMGO decreased evoked IPSC amplitude more robustly in D40 iN cells compared to 

N40 iNs (Fig. 3D–E). This is consistent with the hypothesis that MOR activation by 

DAMGO in human iN cells more robustly decreases neurotransmitter release probability in 

D40 iN cells compared to N40 iN cells, suggesting that the A118G SNP directly regulates 

synaptic function.

To determine whether the increased sensitivity of D40 iN cells is a DAMGO-specific effect 

or whether it can be observed across other MOR-specific agonists, we studied the effect of 
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morphine in modulating synaptic release in both N40 and D40 iN cells. In response to 100 

¼M morphine, we observed a robust suppression of both sIPSC frequency and amplitude in 

both N40 and D40 iN cells with a significantly stronger sIPSC suppression in D40 iN cells 

compared to N40 iN cells (Supplemental Fig. 6). We also performed morphine wash out 

experiments to demonstrate that sIPSC suppression was reversible (Supplemental Fig. 6). 

These data substantiate the D40-specific increased sensitivity observed in human iN cells.

D40 MOR-expressing neurons exhibit a more robust decrease in excitability following 
DAMGO compared to N40 iN cells

To understand whether the decreased synaptic release in response to DAMGO is 

compounded by decreased intrinsic excitability, we examined the effect of DAMGO on 

induced action potential (AP) firing in N40 and D40 iN cells. Although no significant 

differences of AP firing rate, amplitudes and thresholds were observed between N40 (A10 

clone) and D40 (C12 clone) (Supplemental Fig. 3), we observed that 10 ¼M DAMGO 

induced D40 versus N40 iN cells to fire significantly fewer APs (Fig. 4A–B) with no effect 

on AP amplitude and firing threshold (Fig. 4C–D). This is supported by an immediate and 

more robust decrease in spontaneous AP firing frequency following DAMGO application in 

D40 versus N40 iN cells (Fig. 4E), an effect which is sustained over the course of several 

minutes (Fig. 4F). This sustained decrease in AP frequency is paralleled by a rapid 

hyperpolarization of N40 and D40 iN cells (Fig. 4G). This effect was found to be 

significantly more robust in D40 versus N40 iN cells in the first minute following DAMGO 

application. The immediate drop in both AP firing frequency and membrane potential in iN 

cells suggests that this may be occurring through a G-protein mediated signaling 

mechanism, which is activated immediately following agonist binding 33. No differences in 

AP rise time, decay time or half width were detected by DAMGO application (data not 

shown). However, we observed a slight increase in the after-hyperpolarization potential 

(AHP) in the D40 versus N40 iN cells (Fig. 4H–I), with no significant difference in firing 

threshold or AP half width (Fig. 4J–K). These data indicate the functional differences 

between the two genotypes are at least partly mediated by a preferential decrease in 

excitability in D40 versus N40 iN cells, likely mediated by alterations in the G-protein 

coupled signaling cascade. Overall, these data suggest that the DAMGO-induced decrease in 

excitability is superimposed by a synapse-specific effect, i.e., a stronger reduction in 

synaptic release probability mediated by presynaptic MOR at the nerve terminal in D40 

MOR inhibitory neurons.

Differential N-glycosylation of human MOR carrying N40D variants

It has been shown that the A112G substitution in mouse MOR causes a deficit in N-

glycosylation 19–21, which might underlie the differential sensitivities of MOR modulation 

on synaptic transmission. However, this has not been shown in human N40D MORs. To 

address this, we used HEK293 cells to express FLAG-tagged N-terminal (amino acids 1-67) 

domain of human MORs. Media was collected ~ 5 days post transfection from FLAG-MOR 
(1-67) N40 or FLAG-MOR (1-67) D40 containing HEK cells and subjected to SDS-PAGE and 

Western Analysis (Fig. 5). Anti-FLAG immunostaining revealed the molecular mass of 

recombinant MORN40 was higher than that in MORD40 cell lysates (Fig. 5A, left side lane 1 

compared to lane 2). We next tested whether the differences observed in the masses of 

Halikere et al. Page 9

Mol Psychiatry. Author manuscript; available in PMC 2020 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human MOR in N40 and D40 are due to variations in N-linked glycosylation from the 

predicted loss of one putative glycosylation site (Asn40) in D40 MOR peptide. To this end, 

we treated cellular lysates with PNGase F, an enzyme which removes all N-linked glycans. 

Western blotting of FLAG-MOR using an anti-FLAG antibody showed that MOR N40 and 

D40 peptides migrated at approximately the same molecular weight (Fig. 5A, lanes 3-6). 

This indicates the differences in molecular masses observed for N40 and D40 human 

peptides is due to differential N-linked glycosylation.

To further validate our findings, both FLAG-tagged MOR N-terminal constructs were 

expressed in the culture medium of HEK293S GnT1- cells. These cells lack N-

acetylglucosaminyl-transferase I (GnT1) activity, and consequently lack complex N-glycans. 

Expressed N-linked MOR peptides were purified from the culture media and separated on 

SDS-PAGE followed by Coomassie brilliant blue staining to visualize purified MOR peptide 

(Fig. 5B). The profile of N40 and D40 MOR was similar to that of the anti-FLAG 

immunoblotting shown in Figure 5A, when isolated from wild-type HEK293 cells (Fig. 5B, 

lanes 1-4). The molecular mass of MORD40 was slightly smaller compared to MORN40 (Fig. 

5B, lanes 1 and 2), which is due to a difference in N-linked glycosylation (Fig. 5B, lanes 3 

and 4). Moreover, when constructs were collected from the culture medium of HEK293S 

GnT1- cells both N40 and D40 MOR N-terminal peptide run at roughly the same molecular 

weight before (Fig. 5B, lanes 5 and 6) and after PNGase F treatment (Fig. 5B, lanes 7 and 

8). Thus, further supporting that the differences in mobility shift observed for MOR N40 and 

D40 is due to differential N-linked glycosylation.

DISCUSSION

Our study provides the first experimental evidence detailing the functional consequences of 

the N40D SNP on MOR activation in a human neuronal construct. First, we generated iN 

cells from human subject-derived stem cells carrying homozygous alleles for N40 MOR or 

D40 MOR and found that D40 MOR expressing iN cells exhibit stronger inhibitory effects 

of MOR activation on synaptic release. Second, to validate the functional consequences of 

the SNP in a system highly controlled for background genetic variation, we used CRISPR/

Cas9 mediated gene targeting to: 1) knock-in homozygous D40 alleles into H1ES cells; 2) 

correct the homozygous D40 alleles in the 03SF iPS cell subject line into N40 alleles, and 

thus generated two sets of isogenic stem cell lines for highly controlled mechanistic 

analyses. Third, we demonstrated that the isogenic iN cells not only recapitulated the 

DAMGO response phenotype of the patient iN cells, but also revealed that the N40D SNP 

mediates a more robust decrease in excitability and synaptic release, which was 

accompanied with disruption of a putative N-linked glycosylation motif observed in human 

D40 MOR 34. The MOR is a GPCR and its activation has been shown to impact calcium as 

well as potassium influx in neurons 35, both processes affect the calcium dependency of 

synaptic vesicle release. The primary effect of MOR activation is a dampening in neuronal 

excitability. The A118G SNP does not affect baseline synaptic function per se, which can be 

seen based on our comparison of baseline sIPSC responses in N40 and D40 neurons 

(sIPSCs, Figs.1&2). However, it does affect the response of iN cells to MOR agonists 

(DAMGO and morphine). Based on the results of our study, the N40D SNP causes a more 

robust suppression of neuronal excitability upon MOR activation by DAMGO and also 
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causes a stronger suppression of synaptic release. These data will help to elucidate the 

synaptic consequences of the N40D SNP in human neurons.

The novelty of our approach using human iN cells to investigate the synaptic impact of a 

major functional OPRM1 SNP is that these cells carry the genetic signatures of the subjects 

from whom they were derived. Identifying identical DAMGO-mediated responses across 

multiple subject-derived and CRISPR-edited cell lines generated using independently 

executed targeting strategies clearly demonstrates that the observed effect is a direct 

consequence of only the MOR N40D variant. In fact, the use of human stem cell derived 

neurons provides novel information about human specific mechanisms of a highly prevalent 

OPRM1 SNP, A118G, in response to opioids 36. Thus, we show the utility of disease 

modeling using stem cell derived disease-relevant cell types as a framework to the field of 

addiction for conducting future mechanistic analyses.

Despite previous studies in knock-in mouse models and heterologous expression systems, 

the precise molecular and cellular consequences of MOR N40D have remained unclear, 

primarily due to species-specific and context-specific mechanisms in the modulation of 

MOR signaling. For instance, overexpression systems have suggested that the D40 allele 

confers a “gain-of-function” effect by causing an increased potency for DAMGO and other 

MOR agonists 9, 13, 14, 37. Similarly, human studies (heterologous expression systems) and 

rodent models suggest that the D40 allele carriers exhibit altered reward to nicotine 38, 

alcohol 39–48, and heroin 49. However, subsequent studies have reported that the D40 allele 

is associated with reduced mRNA and protein expression in multiple brain regions of knock-

in mice 12, 15 along with reduced antinociceptive responses to morphine 10, providing 

support for a “loss-of-function” phenotype. These contradictory results in the literature 

strongly suggest not only species-specific but also context-specific mechanisms in the 

modulation of MOR signaling. For example, overexpression studies were primarily done in 

cell models in order to elucidate differences in signaling pathways relevant to the human 

condition. However, it is also possible that this “gain of function” effect of MOR N40D 

observed in overexpression systems is an artifact of an increased receptor density at the cell 

surface and not due to true differences in signaling efficacy from MOR N40D, suggesting 

the need for a model system that recapitulates proper receptor expression levels. Moreover, it 

is possible that the “loss-of-function” phenotype observed in the A112G and A118G 

humanized mouse models are likely a consequence of rodent-specific regulation in receptor 

expression levels. Both these results necessitate the need for a human neuronal model to 

elucidate the appropriate mechanisms, which would represent endogenous levels of MOR in 

a disease-relevant cell type.

This study not only represents a significant advance in understanding the neurobiological 

mechanisms underlying the N40D MOR variant in a human neuronal context, but also 

highlight the benefits of using human cell reprograming technology for in depth analysis of 

gene variants that have been associated with certain human disease. With our model we were 

able to generate homogeneous iN lines with MOR expression comparable to human 

thalamus. Currently we have not examined the effect of DAMGO on excitatory postsynaptic 

current (EPSC) frequency in other human neuronal subtypes. However, we hypothesize that 

NGN2 excitatory iN cells will likely exhibit a DAMGO mediated suppression of EPSC 

Halikere et al. Page 11

Mol Psychiatry. Author manuscript; available in PMC 2020 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



frequency assuming they express OPRM1. Whether or not the genotype-specific effect is 

observed in excitatory iN cells or whether it is characteristic to the inhibitory neuronal 

subtype can only be determined experimentally. However, considering our interest in 

understanding the role of N40D in inhibitory neurons that mimic those in the reward 

circuitry, characterizing the role of N40D in other neuronal subtypes will need further 

investigation.

The observed effect of MOR N40D in human iN cells is consistent with a number of 

genome wide association studies (GWAS) in humans linking OPRM1 A118G with increased 

alcohol response, etc. However, in the humanized mouse model, a morphine mediated 

decrease in mIPSC frequency in OPRM118AA mice but not in 118GG mice was observed 
50. These results are likely mediated by species-specific differences in receptor expression 

levels or signaling mechanisms, making the elucidation of human-specific phenotypes key to 

understanding the role of MOR N40D in reward and addiction pathogenesis.

The use of human iN cells enables the study of synaptic perturbations that may be involved 

in addiction and reward pathogenesis. We observed increased sensitivity in D40 MOR iNs to 

the MOR-specific agonist, DAMGO, in a number of patient-derived and gene-edited iN 

cells. We also tested another MOR agonist, opiate morphine, and observed similar responses 

which we observed with the synthetic opioid peptide DAMGO. Our data indicate that MOR 

activation affects the frequency of spontaneous IPSCs (sIPSCs) and miniature IPSCs 

(mIPSCs) but not their amplitudes. These data suggest that the MOR is expressed at the 

presynaptic inhibitory nerve terminals to exert presynaptic modulation. It is traditionally 

believed that in synaptic physiology, a change in the frequency of events (and not the 

amplitude) is due to a presynaptic alteration of neurotransmitter release. Modulation of the 

number of events is likely a consequence of a change in presynaptic release of 

neurotransmitter. This result could be explained by differences seen in N-linked 

glycosylation of human MOR which could impact agonist binding affinity and/or receptor 

trafficking 51 .

This study identifies neurophysiological differences between common variation in human 

OPRM1, which may explain altered opioid responsivity and/or dependence in humans. This 

model not only enables studies that help clarify the mechanistic discrepancies observed in 

the literature, but also enables a platform to understand human-specific regulation of MOR 

signaling. Overall the use of patient-derived stem cells to unravel the impact of OPRM1 
gene variants may ultimately provide the necessary insight to develop patient-specific, 

precision medical interventions for drug and alcohol dependence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. MOR N40D expressing inhibitory human neurons exhibit more robust suppression of 
inhibitory synaptic transmission by DAMGO.
(A) Oct4 (green), Tra 1-60 (red), and DAPI (blue) ICC for N40 and D40 subject iPS cells 

depicting pluripotency (B) Sequencing confirming homozygous A118 or G118 genotype of 

human iPS cell lines (C) MAP2 (green) and Synapsin (red) ICC of iN cells generated from 

N40 and D40 subject iPS cells (D) MAP2 (green) and VGAT (red) ICC of induced 

inhibitory neuronal (iN) cells generated from N40 and D40 subject iPS cells (E-G) Both 

N40 and D40 iN cells exhibit PTX sensitive spontaneous IPSCs whose frequency (N40 vs 
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D40: N.S.) and amplitude (N40 vs D40: N.S.) are unaffected by MOR N40D substitution 

(H) Representative traces of action potentials induced by step current injections (from −20 

to +75 pA, 5 pA increments) during current clamp recordings from one N40 and D40 cell 

line (I) Quantification of induced action potentials in inhibitory iNs cells illustrating that 

neuronal excitability is unchanged as a consequence of MOR N40D (N40 vs D40: N.S. at all 

current injections) (J) Representative traces of sIPSCs recorded to increasing concentrations 

of DAMGO in N40 and D40 iN cells (K) Quantification of inhibition of sIPSC frequency in 

individual subject derived N40 and D40 iN cells (L) Merged data of the four N40 and three 

D40 subject lines illustrates that D40 iN cells exhibit stronger suppression of IPSC 

frequency compared to N40 iN cells (M-N) sIPSC frequency response to a single 

concentration of 10 ¼M DAMGO; data is normalized to control (N40 vs control: p<0.001, 

D40 vs control: p<0.001). Summary graphs are shown as individual cell lines or merged data 

of either four N40 patients (red bars) and three D40 patients (blue bars) (N40 vs D40: p 

<0.01). Data are depicted as means ± SEM. Numbers of cells/Number of independently 

generated cultures analyzed are depicted in bars. Paired t-test was used to evaluate within 

genotype statistical differences and one-way ANOVA was used to evaluate between 

genotype statistical differences (*p <0.05, **p <0.01, ***p <0.001).
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Figure 2 |. Human neurons from two sets of independently targeted isogenic human stem cell 
lines for OPRM1 A118G validate differential DAMGO response observed in patient cell lines.
(A) OPRM1 Targeting Strategy 1: Structure of OPRM1 gene on chromosome 6 and 

schematic overview of CRISPR/Cas9 gene targeting strategy to knock-in homozygous G118 

alleles into human H1 embryonic stem cell (H1ES) in which sgRNA targets donor strand. In 

the 140bp ssODN, we inserted a T to C mutation to incorporate OPRM1 GG118, 

synonymous G to A for PAM mutation, and synonymous G to C and G to A mutations to 

create a BamHI restriction enzyme site. (B) Sequencing of original H1ES control cell line 
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carrying homozygous A118 (N40) alleles, and two isolated clones carrying homozygous 

OPRM1 G118 (D40) alleles (Clone 9-2-17, Clone 9-2-18). (C) OPRM1 Targeting Strategy 

2: Structure of OPRM1 gene on chromosome 6 and an independent CRISPR/Cas9 gene 

targeting strategy to correct 03SF patient line (originally homozygous G118 expressing 

MOR D40) to homozygous A118 (N40). We designed a 200 nt template strand to knock-in 

homozygous A118 alleles, containing mutations to generate a HpaI restriction enzyme site 

for screening (D) Sequencing of passage-matched, uncorrected 03SF patient cell line 

carrying homozygous D40 alleles (C12) and two gene-corrected clones (Clone A10, D11) 

carrying homozygous OPRM1 A118 (N40) alleles after subcloning. (E) ICC of MAP2 

(green) and Synapsin (red) of iN cells produced from gene-targeted ES cells and iPS cells. 

(F) Immunofluorescence of MAP2 (green) and VGAT (red) of iN cells produced from gene-

targeted ES cells and iPS cells. (G-I) Relative mRNA levels of OPRM1 as well as markers 

for inhibitory subtype specificity (GAD1, VGAT) measured by quantitative RT-PCR; mRNA 

levels are normalized to Synapsin I. Data are represented as means of three independently 

differentiated batches of iNs from each patient iPS cell line. (J) Representative traces of 

sIPSCs recorded to increasing concentrations of DAMGO in N40 and D40 iN isogenic iN 

cells derived from ES cells. (K-L) Quantification of sIPSC frequency (H1 vs control: p 

<0.05, Clone 17 vs control: p <0.001, Clone 18 vs control: p <0.001, N40 vs control: p 

<0.05, D40 vs control: p <0.001, N40 vs D40: p <0.05) and amplitude in response to 6 ¼M 

DAMGO (H1 vs control: N.S., Clone 17 vs control: N.S., Clone 18 vs control: N.S., N40 vs 

control: N.S., D40 vs. control: N.S., N40 vs D40: N.S.) (M) Representative traces of sIPSCs 

recorded to increasing concentrations of DAMGO in N40 and D40 iN isogenic iN cells 

derived from iPS cells. (N-O) Quantification of sIPSC frequency (A10: DAMGO vs control: 

p <0.01, D11: DAMGO vs control: N.S., C12: DAMGO vs control: p <0.001, N40: 

DAMGO vs control: p <0.01, D40: DAMGO vs control: p <0.001, N40 vs D40: p <0.05) 

and amplitude in response to 6 ¼M DAMGO (A10: DAMGO vs control: N.S., D11: 

DAMGO vs control: N.S., C12: DAMGO vs control: N.S., N40: DAMGO vs control: N.S., 

D40: DAMGO vs. control: N.S., N40 vs D40: N.S.). Data are depicted as means ± SEM. 

Numbers of cells/Number of independently generated cultures analyzed are depicted in bars. 

Paired t-test was used to evaluate within genotype statistical differences and one-way 

ANOVA was used to evaluate between genotype statistical differences (*p <0.05, **p <0.01, 

***p <0.001).
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Figure 3 |. D40 iN cells exhibit greater inhibition of synaptic release and intrinsic excitability.
(A) Representative traces of mIPSCs in one N40 (A10) and one D40 (C12) cell line derived 

iN cells recorded at a 0 mV holding potential and their response to DAMGO. (B-C) 
Quantification of mIPSC frequency (A10: DAMGO vs control p <0.01, C12: DAMGO vs 

control p <0.001) and amplitude (A10 and C12: DAMGO vs control p >0.05) in A10 and 

C12 iN cells normalized to before DAMGO application. (DAMGO effect on frequency: A10 

vs C12: p < 0.05, DAMGO effect on amplitude: A10 vs C12: N.S.) (D) Representative 

traces of evoked IPSCs from one N40 (A10) and one D40 (C12) cell line derived iN cells 

(E) Quantification of evoked IPSC amplitude in A10 and C12 iN cells normalized to before 

DAMGO application (A10: DAMGO vs control p <0.05, C12: DAMGO vs control p 

<0.001, A10 vs C12: p <0.001). Data are depicted as means ± SEM. Numbers of cells/

Number of independently generated cultures analyzed are depicted in bars. Paired t-test was 
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used to evaluate within genotype statistical differences and one-way ANOVA was used to 

evaluate between genotype statistical differences (*p <0.05, **p <0.01, ***p <0.001).
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Figure 4 |. D40 iN cells exhibit a sustained decrease in intrinsic excitability.
(A) Representative traces of repetitive action potentials generated from depolarizing current 

injections in one N40 (A10) cell line derived iN and one D40 (C12) cell line derived iN, and 

their response to DAMGO (B-D) Summary graphs of DAMGO effect on AP Number (A10: 

DAMGO vs control: N.S., C12: DAMGO vs control p <0.001), amplitude (A10: DAMGO 

vs control p <0.01, C12: DAMGO vs control p <0.001) and firing threshold (A10: DAMGO 

vs control: N.S., C12: DAMGO vs control: N.S.). Data normalized to before DAMGO 

application reveals DAMGO preferentially decreases intrinsic excitability of D40 iNs but not 

N40 iNs (DAMGO effect on frequency: A10 vs C12 p <0.01) with no effect on amplitude 

(A10 vs C12: N.S.) or firing threshold (A10 vs C12: N.S.) (E) Representative traces 

depicting the effect of DAMGO on spontaneous action potential firing in one D40 (C12) and 

one N40 (A10) cell line derived iN (F) Quantification of number of spontaneous action 

potentials fired before and after DAMGO application in N40 and D40 iNs represented as a 

time course (G) Quantification of resting membrane potential before and after DAMGO 

application in N40 and D40 iNs represented as a time course (H) Representative traces of 

individual Action Potentials before and after DAMGO in N40 and D40 iN cells (J-K) 
Summary graphs depicting that DAMGO causes a trending increase in the after 

hyperpolarization potential (AHP) amplitude in D40 iN cells compared to N40 iN cells 

(A10: DAMGO vs control: N.S., C12: DAMGO vs control: p <0.05, A10 vs C12: N.S.) with 

no effect on firing threshold (A10: DAMGO vs control: N.S., C12: DAMGO vs control: 
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N.S., A10 vs C12: N.S.) or half width (A10: DAMGO vs control: N.S., C12: DAMGO vs 

control: N.S., A10 vs C12: N.S.). Data are depicted as means ± SEM. Numbers of cells/

Number of independently generated cultures analyzed are depicted in bars. Paired t-test was 

used to evaluate within genotype statistical differences and one-way ANOVA was used to 

evaluate between genotype statistical differences (*p <0.05, **p <0.01, ***p <0.001).
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Figure 5 |. Differential N-glycosylation of human MOR carrying N40D variants.
(A) Immunoblot (IB) of recombinant human FLAG-MOR N-terminal region-human Fc 

(amino acids 1-67) expressed as a soluble entity in HEK 293 cells. Both peptides (N40 and 

D40) were separated by size on an SDS-PAGE gel and detection was accomplished using an 

anti-FLAG antibody. Note that the untreated D40 sample (lane 2) is already of lower 

molecular weight compared to the N40 (lane 1) and after PNGase F digestion (lanes 3-6) 

both samples show an identical migration pattern, indicating complete removal of the N-

linked glycans. PNGase reactions were carried out in two ways. Specifically, either the 

peptide was denatured prior to enzyme application (lane 3 and 4) or the native peptide was 

treated with PNGase F (lanes 5 and 6). Glycan removal was equally effective both ways 

tested. (B) Recombinant human FLAG-MOR N-terminal region-human Fc peptide was 

purified from the culture media of HEK293S (wild-type) (lanes 1-4) or HEK293S GnT1- 

(lanes 5-8). SDS-PAGE followed by Coomassie staining revealed that under conditions 

where glycosylation is defective or abolished N40 and D40 MOR peptide migrate at the 

same molecular weight (lanes 5 and 6) regardless of PNGase F treatment.
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