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 2 

ABSTRACT 29 

The misuse of opioids has reached epidemic proportions over the last decade, with over 30 

2.1 million people in the U.S. suffering from substance use disorders related to 31 

prescription opioid pain relievers. This increase in opioid misuse affects all demographics 32 

of society, including women of child-bearing age, which has led to a rise in opioid use 33 

during pregnancy. Opioid use during pregnancy has been associated with increased risk 34 

of obstetric complications and adverse neonatal outcomes, including neonatal abstinence 35 

syndrome. Currently, opioid use disorder in pregnant women is treated with long-acting 36 

opioid agonists, including buprenorphine. Although buprenorphine reduces illicit opioid 37 

use during pregnancy and improves infant outcomes at birth, few long-term studies of the 38 

neurodevelopmental consequences have been conducted. The goal of the current 39 

experiments was to examine the effects of buprenorphine on the development of the 40 

cortex using fetal brain tissue, 3D brain cultures, and rodent models. First, we 41 

demonstrated that we can grow cortical and subpallial spheroids, which model the cellular 42 

diversity, connectivity, and activity of the developing human brain. Next, we show that 43 

cells in the developing human cortex express the nociceptin opioid (NOP) receptor and 44 

that buprenorphine can signal through this receptor in cortical spheroids. Using subpallial 45 

spheroids to grow inhibitory interneurons, we show that buprenorphine can alter 46 

interneuron development and migration into the cortex. Finally, using a rodent model of 47 

prenatal buprenorphine exposure, we demonstrate that alterations in interneuron 48 

distribution can persist into adulthood. Together, these results suggest that more research 49 

is needed into the long-lasting consequences of buprenorphine exposure on the 50 

developing human brain.  51 

 52 

  53 

 54 

 55 
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INTRODUCTION 56 

The Opioid Epidemic has reached epic proportions, with over 2.1 million people in the US 57 

suffering from opioid use disorder (OUD) (1). This epidemic affects all demographics of 58 

society, including women of childbearing age. In a 2017 study, 6.5 percent, or 21,000, 59 

pregnant women, reported illicit use of prescription opioids (2, 3), which has been 60 

associated with obstetric complications, such as preeclampsia and premature labor (4-61 

6), and adverse neonatal outcomes, including neonatal abstinence syndrome, an array 62 

of symptoms caused by dysregulation of central, autonomic, and gastrointestinal systems 63 

(7-9). To prevent these negative outcomes, the American Academy of Pediatrics and 64 

American College of Obstetricians and Gynecologists (ACOG) recommends opioid 65 

maintenance therapy to treat opioid use disorder during pregnancy. Buprenorphine, a 66 

partial mu- and kappa-opioid receptor agonist, is used for outpatient opioid maintenance 67 

therapy, and is the first-line treatment for OUD in pregnant women recommended by 68 

ACOG (10). Buprenorphine has been shown to be effective in reducing illicit opioid use 69 

in pregnant women (11) and improves infant outcomes at birth compared to other opioid 70 

maintenance therapies, including methadone (12). However, buprenorphine can cross 71 

the placental barrier and directly affect the developing neonate (13). While some studies 72 

have found that in utero buprenorphine exposure does not affect early childhood growth, 73 

cognitive development, language abilities, or sensory processing (14), others indicate that 74 

buprenorphine may have adverse effects on the developing fetus, including increased 75 

risk of prematurity and congenital malformations (14). Further, behavioral consequences 76 

have been observed in preschool-aged children, including motor, memory, and attention 77 

deficits, along with hyperactivity and impulsivity (14, 15). These conflicting results suggest 78 

that more research into the neurodevelopmental consequences of in utero buprenorphine 79 

exposure are urgently needed.  80 

Studying fetal brain development in humans is extremely difficult due to ethical, 81 

time, and cost limitations. Further, multiple confounding factors, including obstetric 82 

complications and postnatal maternal care can have a major impact on the results. 83 

Therefore, in the current experiments, we use human pluripotent stem cells to generate 84 

3D brain spheroids, which retain more of the structural and functional properties of the 85 

developing human brain (16-18). To generate excitatory neurons of the cortex, we grew 86 
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cortical spheroids (hCS), which have ventricle-like structures surrounded by neuronal 87 

layers characteristic of the developing human cortex (17). To generate inhibitory 88 

interneurons, we grew subpallial spheroids (hSS), which express markers of developing 89 

interneurons (18, 19). These hCS and hSS were fused to examine the effect of 90 

buprenorphine exposure on cortical network development. Further, a rodent model was 91 

also used to confirm our in vitro findings and determine the long-term consequences of 92 

prenatal buprenorphine exposure. 93 

     In the current studies, we demonstrate that we can generate hCS and hSS, which 94 

resemble the developing human cortex and subpallium. We then show that in hCS, 95 

buprenorphine signals through the nociceptin opioid peptide (NOP) receptor, which is also 96 

expressed throughout the human fetal cortex. We also found that buprenorphine can alter 97 

markers of interneuron development in the hSS. When we fused the two spheroid sub-98 

types, buprenorphine altered interneuron migration into the hCS and increased network 99 

activity. In our rodent model of prenatal opioid exposure, we observed changes in 100 

interneuron distribution throughout the cortex after buprenorphine exposure, suggestive 101 

of long-lasting alterations in interneuron migration. Together, these results suggest that 102 

buprenorphine exposure can alter cortical development and produce persistent changes 103 

in the cortical network. 104 

 105 

  106 

 107 
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MATERIALS AND METHODS 108 

 109 

Pluripotent Stem Cell Generation and Maintenance Human induced pluripotent stem cells 110 

(hiPSCs) were generated from a healthy 35-year-old male subject using an episomal 111 

reprogramming kit (Invitrogen). H9 ESCs were purchased from Wicell. Both hiPSCs and 112 

ESCs showed pluripotency markers and normal karyotype throughout the study (Figure 113 

S1A-B) and were grown on matrigel-coated plates in mTeSR medium (Stem Cell 114 

Technology) containing the Rock inhibitor, Y27632 (10uM, Selleck). In order to 115 

fluorescently label cells (Figure S1C), the Neon Transfection Kit (Invitrogen) was used to 116 

transfect cells with CRISPR-mCherry (mCh) plasmids. Cells were dissociated using 117 

accutase, then 1 x 10^6 cells were resuspended in Buffer R containing 1µg of CRISPR 118 

plasmid (AAVS1-T2 CRISPR in pX330) and 3 µg mCh plasmid (AAVS1-Pur-CAG-119 

mCherry). Transfections were performed at 1100 V, 20 msec, 2 pulses and cells were 120 

immediately re-plated in mTeSR medium containing Y27632. Three days after 121 

transfection, 0.3 µg/ml puromycin was added to the media for 5 days to kill non-122 

transfected cells. 123 

 124 

Drugs Buprenorphine (2 ng/ml) was purchased from Cayman Chemical Company and 125 

oxycodone (20 ng/ml) was purchased from Spectrum Chemicals. 126 

 127 

Spheroid Cell Culture To grow hCS and hSS we used the method described by Pasca 128 

and colleagues with light modifications (Pasca et al 2015, Birey et al 2017). Briefly, 9,000 129 

stem cells were resuspended in 150 µl neural induction medium (DMEM/F12, 20% knock-130 

out serum replacement, Glutamax, MEM-NEAA, 0.1mM 2-mercaptoethanol, Peni/Strep) 131 

containing Y27632 (20 µM). Media was changed daily. On days 1-5, the SMAD inhibitors, 132 

dorsomorphin (5 µM, Sigma) and SB-431542 (10 µM, Tocris) were added. On days 6-24, 133 

media was replaced with neural medium (Neurobasal A, B-27 without Vitamin A, 134 

Glutamax, Peni/Strep) containing the growth factors, bFGF (20 ng/ml, Peprotech) and 135 

EGF (20 ng/ml, Peprotech). On day 25, spheroids were transferred to neural medium 136 

containing BDNF (20 ng/ml, Peprotech) and NT-3 (20 ng/ml, Peprotech) until day 42. hSS 137 
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also received the Wnt pathway inhibitor, IWP-2 (5 µM, Selleckchem) on days 4-22 and 138 

the Smo pathway activator, SAG (100 nM, Selleckchem) on days 12-22 (Figure 1A).  139 

 140 

RNA Sequencing On day 60, hCS and hSS spheroids were homogenized and RNA was 141 

prepared using the Qiagen RNEasy Plus Micro Kit according to manufacturer’s 142 

instructions. Library construction, sequencing, and analysis were performed by 143 

NovoGene.  144 

 145 

Spheroid Immunohistochemistry Spheroids were rinsed in DPBS, then fixed in 4% 146 

paraformaldehyde for 30 minutes - overnight at 4°C. After rinsing in DPBS, spheroids 147 

were incubated in 30% sucrose for 24-48 hours at 4°C. Spheroids were embedded in 148 

OCT compound and frozen. A cryostat was used to cut 14-25 micron sections, which 149 

were mounted on gelatin-coated slides. For immunohistochemistry, slides were washed 150 

in PBS containing 0.3% Triton X-100, then blocked with 3-5% normal goat serum for 1 151 

hour. Slides were incubated in primary antibody (Table 1) overnight at 4°C in a humidified 152 

chamber. After washing, slides were incubated in secondary antibody (Jackson 153 

Immunoresearch, 1:500) for 1-2 hours at room temperature. Slides were washed, DAPI 154 

(Sigma) was added to label nucleus, then coverslipped using Poly-Vinyl Alcohol (Sigma). 155 

Sections were imaged using a Leica Microscope (TCS SPE8) and fluorescence intensity 156 

was analyzed using Image J software. 157 

 158 

qPCR hCS and hSS were treated with vehicle, buprenorphine or oxycodone for 10 days. 159 

On day 60, spheroids were homogenized and RNA was prepared using the Qiagen 160 

RNEasy Plus Micro Kit according to manufacturer instructions. RNA concentration and 161 

quality were determined using a NanoDrop, then total RNA was converted to cDNA using 162 

the Applied Biosystems High Capacity Reverse Transcription Kit. Real-time quantification 163 

of diluted cDNA was performed in triplicate reactions containing sample (4 ng), IDT 164 

Primetime Gene Expression Master Mix (2X), and IDT Primetime qPCR Assay (20X) on 165 

a BioRad CFX384 Real Time System. Cycling Conditions consisted of one cycle at 95°C 166 

for 3 min, followed by 40 cycles of denaturation (95°C for 15 sec) and elongation (60°C 167 

for 1 min). The relative gene expression was calculated using the 2-∆∆CT method. The 168 
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following IDT Primetime Gene Expression Assays were used: Dlx1 (Hs.PT.58.4632198), 169 

Dlx5 (Hs.PT.58.45646524), Lhx6 (Hs.PT.58.27682011), Arx (Hs.PT.58.213.7622), 170 

Nkx2.1 (Hs.PT.58.2461055), ADCY3 (Hs.PT.569.2298693), BCL11B 171 

(Hs.PT.58.27217530), MKi67 (Hs.PT.58.27920212), Pax6 (Hs.PT.58.25914558), SATB2 172 

(Hs.PT.58.24560574), TBR1 (Hs.PT.58.24815929), TUBB3 (Hs.PT.58.20385221) and 173 

GAPDH (Hs.PT.39a.22214836).  174 

 175 

cAMP Assay NOP receptor-mediated inhibition of adenylyl cyclase activity was 176 

determined by measuring cAMP accumulation in the presence of the adenylyl cyclase 177 

activator, forskolin, and the phosphodiesterase inhibitor, rolipram as previously described 178 

(20). Briefly, spheroids were incubated in wash buffer (HBSS containing 20 mM HEPES, 179 

pH 7.55) for 15 min at 37°C. Rolipram (100 µM, Company) was added along with the 180 

following drugs: buprenorphine (5 nM), nociception (150 nM, Tocris), or oxycodone (60 181 

nM) in the presence or absence of the NOP Receptor antagonist, UFP-101 (10 µM, 182 

Tocris). Forskolin (10 µM, Company) was then added and spheroids were incubated for 183 

an additional 15 min. Incubation was terminated by aspiration of the wash buffer and 184 

addition of 500 µl of ice-cold ethanol. The ethanol extracts from individual spheroids were 185 

dried under a gentle airstream and reconstituted in 100 µl of sodium acetate (pH 6.2) and 186 

the cAMP content was determined by radioimmunoassay (RIA). 187 

 188 

Multi-Electrode Array (MEA) Assay To record network activity, the Harvard MCS 189 

Multiwell-MEA-system, which contains a 12-electrode grid in each well of a 24 well plate, 190 

was used. Twenty-four hours before the MEA was conducted, spheroids were transferred 191 

to the MEA plate containing BrainPhys media (STEMCELL Technologies). For acute 192 

experiments, a 10-minute baseline recording was followed by treatment with 193 

buprenorphine, or oxycodone in the presence of vehicle or the NOP receptor antagonist, 194 

UFP-101. Fifteen minutes later, 3 10-minute recordings were performed. For the chronic 195 

experiments, hCS or fused hCS-hSS spheriods were treated with vehicle, buprenorphine, 196 

or oxycodone for 10 days. On day 60 or 120, spheroids were transferred to MEA plates 197 

containing BrainPhys media (drugs were not present) and 3 10-minute recordings were 198 

performed. Data was sampled at 20 kHz, digitized and analyzed using the Harvard 199 
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Multiwell-Analyzer software with a 100 Hz high pass and 3.5 kHz low pass filter and an 200 

adaptive spike detection threshold was set at 8 times the standard deviation for each 201 

electrode. The results from each 10-minute recording were averaged.  202 

  203 

Interneuron Migration On day 30, hSS were infected with Lenti hDlx1/2b:GFP (gift from 204 

Dr. John Rubenstein). On day 40, one hSS and one hCS were transferred to an 205 

Eppendorf tube containing neural media and incubated without disruption for 3-4 days. 206 

After fusion was complete, fused spheroids were treated with buprenorphine or 207 

oxycodone from days 50-60. On day 60, spheroids were transferred to glass-bottom 208 

(Corning) plates and the migration of hDlx1/2b:GFP interneurons into cortical tissue was 209 

recorded. Time-lapse images were taken every 20 min for 24 hours using a Leica 210 

Microscope (TCS SPE8) (Figure 4A). Analysis of interneuron migration was performed 211 

using Imaris imaging software.  212 

 213 

Rat Experiments Pregnant female rats were injected with 1 mg/kg buprenorphine or 10 214 

mg/kg oxycodone on gestational days 11-21. Male and female pups were weaned on 215 

postnatal day 21 and all experiments were performed in adult animals (after postnatal day 216 

42; Figure 5A). Animals were maintained in a temperature-controlled environment on a 217 

14:10 h light-dark cycle and had access to food and water ad libitum. All procedures were 218 

consistent with NIH guidelines (NIH publications no. 80-23, revised 1978) and approved 219 

by the Institutional Animal Care and Use Committee of the University of Texas Health 220 

Science Center at San Antonio.  221 

 222 

Rat Immunohistochemistry Adult rats were transcardially perfused with saline followed by 223 

4% paraformaldehyde. Brains were post-fixed and cryopreserved for at least 24 hours. 224 

Coronal sections (50 µm) through the medial prefrontal cortex were blocked (5% normal 225 

goat serum), incubated with a mouse anti-Lhx6 primary antibody (Santa Cruz, 1:250), 226 

then washed and incubated with a goat anti-mouse Alexafluor488 secondary antibody 227 

(Invitrogen). Sections were mounted, coverslipped with Prolong Gold Antifade Reagent 228 

(Molecular Probes), then imaged using a Zeiss AxioObserver inverted microscope. To 229 

analyze the migration of interneurons into the cortex, 10 equidistant bins through the 230 
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medial prefrontal cortex were defined to determine the distribution of cells across the 231 

cortical layers (Meechan PNAS). Lhx6+ cells were counted in at least 3 sections per 232 

animal by a blind experimenter. 233 

 234 

Human Fetal Brain Tissue Analysis Fetal brain bulk RNA sequencing dataset was 235 

downloaded from BrainSpan: Atlas of the Developing Human Brain (https://brainspan.org/). 236 

RPKM (reads per kilobase transcripts per million mapped reads) values for OPRL1 gene 237 

were mined and normalized for each sample using the following formula  238 

RPKM(gene)/(∑RPKM(all genes in the sample) ) X 10^6. Graphpad Prism was used to 239 

plot OPRL1 normalized counts from 8-37 weeks post conception and median values were 240 

used to draw conclusions about the temporal expression pattern. 241 

 242 

Statistical Analysis In all figures, data are shown as mean + s.e.m and n is indicated in 243 

the figure legend. Data was analyzed by one- or two-way ANOVA and the Holm-Sidak 244 

post-hoc test was used when significant interactions were present. When comparing 245 

groups with unequal variances the nonparametric Kruskal-Wallis test was used followed 246 

by Dunn's multiple comparison test. All tests were two-tailed, and significance was 247 

determined at p<0.05. 248 

 249 

 250 

 251 

 252 

 253 
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RESULTS 254 

 255 

Generation of cerebral and subpallial spheroids 256 

To study the effect of buprenorphine during human brain development, we first generated 257 

cortical spheroids (hCS) and subpallial spheroids (hSS) from hiPSCs and ESCs using the 258 

method described by Pasca and colleagues (Fig 1A) (17, 18). Both cell lines expressed 259 

pluripotent stem cell markers and maintained normal karyotype (Supp Fig 1). RNA 260 

sequencing was used to confirm spheroid identity. Neither cortical spheroids nor 261 

subpallial spheroids expressed NANOG, a homeobox protein involved in maintaining 262 

embryonic stem cell pluripotency (Fig 1B) (21). Cortical spheroids expressed PAX6, a 263 

marker for dorsal forebrain progenitor cells (22), and NeuroD6, a gene expressed 264 

ubiquitously throughout the fetal cerebral cortex (Figure 1B) (23). These genes were not 265 

expressed in subpallial spheroids. Conversely, subpallial spheroids expressed ARX, 266 

DLX2, and NKX2-1 (Fig 1B). Dlx2 has been shown to bind to ARX and regulate the 267 

migration of GABAergic neurons (24). Similarly, NKX2-1 is a homeobox transcription 268 

factor that regulates the fate specification and migration of GABAergic interneurons (25). 269 

These subpallial markers were not observed in hCSs. In addition, hCS showed VZ-like 270 

structures at early stages, including radial glia and intermediate progenitor cells 271 

expressing PAX6, NESTIN, and TBR2. At later time points, we observed neurons of both 272 

deep (TBR1+ and CTIP2+) and upper layers (SATB2+ and BRN2+). We also found 273 

markers of outer radial glial cells such as HOPX and FAM107 (Fig 1C). Moreover, hSS 274 

presented GABA+ cells (Fig 1D). These data showed hCS and hSS resembled features 275 

of cortical and subpallial brain development in vitro.    276 

 277 

Buprenorphine signals through the nociception opioid peptide receptor in cortical 278 

spheroids  279 

Buprenorphine is thought to have its therapeutic effect via the mu- and kappa-opioid 280 

receptors; However, buprenorphine also acts as a full agonist at the nociceptin opioid 281 

peptide (NOP) receptor (26). Therefore, expression of these opioid receptors was 282 

determined in hCS and hSS using RNA sequencing. In line with the pattern of opioid 283 

receptor expression in the human fetal brain, neither the mu-, kappa-, nor delta- opioid 284 
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receptors were significantly expressed in either the cortical or subpallial spheroids (Fig 285 

2A). However, the nociceptin opioid peptide (NOP) receptor is expressed in both cortical 286 

and subpallial spheroids (Fig 2A). In addition, we confirmed the expression of NOP 287 

receptor in human fetal tissue using publicly available dataset downloaded from 288 

BrainSpan, Atlas of the Developing Human Brain (https://brainspan.org/) (Fig 2B). After 289 

confirming NOP receptor expression, cAMP assays and multielectrode arrays were 290 

performed on Day 50 cortical spheroids (Fig 2C) to determine if buprenorphine can have 291 

functional effects on the spheroids via the NOP receptor. Activation of the NOP receptor, 292 

which typically signals through Gi proteins, leads to an inhibition of adenylyl cyclase 293 

activity and decreases in cellular cAMP levels. Therefore, cAMP assays were first used 294 

to determine whether buprenorphine can activate intracellular signaling pathways via the 295 

NOP receptor. We found that buprenorphine decreased cAMP accumulation compared 296 

to vehicle-treated spheroids (Fig 2D, Two-way ANOVA: Interaction F(3,68)=3.33, p<0.05; 297 

Opioid F(3,68)=11.90, p<0.05; NOP Antagonist F(1,68)=50.75, p<0.05; Holm-Sidak Post-298 

Hoc Test: Vehicle-Vehicle vs Buprenorphine-Vehicle t=3.42, p<0.05). These results are 299 

in line with the ability of nociceptin, the endogenous NOP receptor ligand, to decrease 300 

cAMP accumulation (Fig 2C, Holm-Sidak Post-Hoc Test: Vehicle-Vehicle vs Nociceptin-301 

Vehicle t=5.48, p<0.0-5). Pretreatment with the NOP receptor antagonist UFP-101 302 

completely reversed buprenorphine- and nociceptin-induced decrease in cAMP 303 

accumulation (Fig 2D, Buprenorphine-Vehicle vs Buprenorphine-UFP t=3.16, p<0.05, 304 

Nociceptin-Veh vs Nociceptin UFP t=6.32, p<0.05), confirming that in hCS, 305 

buprenorphine can signal through the NOP receptor.  306 

To determine whether buprenorphine’s inhibition of cAMP signaling was 307 

accompanied by a change in neural activity, MEA recording of cortical spheroids were then 308 

conducted to investigate changes in extracellular activity following acute exposure to the 309 

opioids. Compared to vehicle-treated spheroids, spheroids treated with buprenorphine 310 

acutely displayed a trend toward decreased activity following a 15-min exposure. Spheroids 311 

co-treated with UFP-101 and buprenorphine showed activity levels similar to that of vehicle-312 

treated, further suggesting that buprenorphine acts upon the NOP receptor (Fig 2E, One-way 313 

ANOVA F(3,71)=0.85, p>0.05). To then determine if chronic opioid exposure affects 314 

cortical development, hCS were treated with buprenorphine or oxycodone for 10 days 315 
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(day 50-60) and qPCR, immunohistochemistry, and MEAs were performed (Fig. S2 A).  316 

While chronic treatment with either buprenorphine and oxycodone altered expression of 317 

some genes in hCS (Fig. S2 B-D), neither drug produced significant changes in cortical 318 

activity (Fig S2 E). 319 

 320 

Buprenorphine alters markers of interneuron development in subpallial spheroids  321 

After demonstrating that buprenorphine can influence the function of cortical spheroids 322 

via the NOP receptor, the effect of buprenorphine on subpallial spheroids was also 323 

determined. Day 60 subpallial spheroids were analyzed by qPCR and 324 

immunohistochemistry after a 10 day treatment with oxycodone or buprenorphine (Fig 325 

3A). First, qPCR was used to measure mRNA expression of ARX, DLX1, LHX6, and 326 

NKX2-1, genes involved in the development and migration of interneurons (27). There 327 

was a main effect of treatment (Two-way ANOVA: Opioid F(2,164)=3.06, p<0.05), driven 328 

by the increase in interneuron gene expression caused by buprenorphine exposure. 329 

Then, we performed immunostainings against ARX, KI67 and NKX2.1. We found a 330 

significant effect of ARX+ cells in hSS after opioid exposure (Fig 3C-F). This data 331 

suggests that opioids can affect interneuron progenitors during brain development. 332 

 333 

Buprenorphine alters interneuron migration and disrupts network activity in fused 334 

spheroids 335 

Migration of interneurons from the ganglionic eminences into the cortex is essential to 336 

cortical development (27). In order to determine the effect of opioids on migrating 337 

interneurons, subpallial and cortical spheroids were fused and the migration of GFP-338 

labeled interneurons were imaged over a 24 hour period (Fig 4A). There was a significant 339 

effect of opioid treatment on the percent of GFP-positive cells that migrated into the 340 

cortical spheroids from the subpallial area (Fig 4B-C; One-way ANOVA F=10.63, p<0.05). 341 

Post-hoc analysis demonstrated that buprenorphine produced a significant increase in 342 

the percentage of GFP-positive cells that migrated into the cortex compared to both 343 

control- and oxycodone-treated spheroids (Holm-Sidak: Control v Buprenorphine t=4.201; 344 

Buprenorphine v Oxycodone t=3.748). Next, we determined if this change in interneuron 345 

migration had an effect on network activity using MEA. Cortical spheroids were treated 346 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


 13 

with vehicle, buprenorphine, or oxycodone for 10 days. At day 60, MEAs were conducted 347 

to determine the effect of chronic opioid exposure on the extracellular activity of the 348 

spheroids. Although not significant, Buprenorphine-treated spheroids exhibited a trend 349 

toward increased activity compared to the vehicle- and oxycodone-treated spheroids. (Fig 350 

4D, One-way ANOVA F(2,11) = 0.89, p>0.05).  351 

 352 

Prenatal buprenorphine exposure alters interneuron migration in the rodent cortex  353 

To determine if buprenorphine can also disrupt interneuron migration in vivo, pregnant 354 

rats were injected with buprenorphine or oxycodone on gestational days 11-21 (Fig 5A). 355 

In adult offspring, the total number and distribution of Lhx6+ interneurons were analyzed 356 

throughout the medial prefrontal cortex (mPFC; Fig 5B). Prenatal opioid exposure had no 357 

effect on the total number of Lhx6+ positive cells in the mPFC (Figure 5C; One-way 358 

ANOVA F=0.65, p>0.05). However, the laminar distribution of Lhx6+ cells was altered by 359 

prenatal buprenorphine exposure (Fig 5D-E; Mixed effects ANOVA Layer 360 

F(2.9,20.4)=67.45, p<0.05). Specifically, in bins 7 and 8, there were significantly more 361 

Lhx6+ cells in the buprenorphine-treated animals (Holm-Sidak Bin 7 t=-2.4, p<0.05; Bin 362 

8 t=-3.9, p<0.05). Together, these results suggest that prenatal buprenorphine exposure 363 

can alter interneuron migration into the developing cortex, and the altered distribution of 364 

interneurons can persist into adulthood.365 
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DISCUSSION 366 

In the current experiments, we used data from fetal brain tissue, human brain 367 

spheroids, and a rodent model to demonstrate that buprenorphine exposure during 368 

development can alter interneuron migration and disrupt cortical network activity via the 369 

NOP receptor.  Buprenorphine, the preferred treatment for opioid use disorder (OUD) in 370 

pregnant women (10), acts as a partial agonist at mu- and kappa- opioid receptors to 371 

alleviate withdrawal symptoms while blocking the effect of exogenously administered 372 

opioids (26). However, this drug is also a full agonist at the nociceptin opioid peptide 373 

(NOP) receptor (26). The NOP receptor, encoded by the OPRL1 gene, is a member of 374 

the opioid family of G protein-coupled receptors but is not activated by classical opioids 375 

with known abuse liability (28). Upon ligand binding, the NOP receptor acts through 376 

Galphai/Galphao to inhibit adenylate cyclase, activate mitogen-activated protein kinases, 377 

increase K+ conductance, and inhibit Ca2+ conductance (29, 30). Previous work has 378 

demonstrated that the NOP receptor is expressed throughout the developing rat and 379 

human brain, including in the neocortex (31). We confirmed these findings using a 380 

published RNA sequencing data set from human fetal brain tissue. Specifically, we found 381 

that the NOP receptor is expressed in cortical and subpallial fetal brain tissue as early as 382 

12 weeks post-conception and remains elevated until birth, suggesting that 383 

buprenorphine treatment in utero has the potential to affect cortical development through 384 

its activity at the NOP receptor.  385 

After demonstrating that the NOP receptor is present in fetal brain tissue, we then 386 

moved to an in vitro model to confirm that buprenorphine can signal through this receptor 387 

in developing cortical tissue. Specifically, we used human pluripotent stem cells to grow 388 

cortical spheroids, which resemble the developing cortex with ventricular zone-like 389 

structures, progenitor cells expressing PAX6, NESTIN, TBR2, and immature neurons that 390 

express TUJ1. Cortical spheroids also express cortical layer markers, including TBR1 and 391 

CTIP2 (deep layer neurons) and SATB2 and BRN2 (upper layer neurons). We used RNA 392 

sequencing to demonstrate that the NOP receptor is present in cortical spheroids. 393 

Interestingly, we did not observe expression of the mu-, k-, or d- opioid receptors in the 394 

human cortex, which is in line with results from fetal brain suggesting that these receptors 395 

are not expressed until later in development. Then, we used cAMP and MEA assays in 396 
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these cortical spheroids to demonstrate that the NOP receptor is not only present, but 397 

that buprenorphine can signal via this receptor in developing brain tissue.  398 

The cortex is made up of a variety of cell types, including interneurons, which are 399 

derived from a group of subpallial brain regions, the ganglionic eminences, before 400 

migrating tangentially into the cortex (27). Therefore, we also used human pluripotent 401 

stem cells to grow subpallial spheroids, which contain GABA-expressing neurons and 402 

express genes associated with interneuron development (NKX2-1, ARX, and DLX2). We 403 

found that chronic buprenorphine exposure increased markers of interneuron 404 

development in subpallial spheroids. Further, when cortical and subcortical spheroids 405 

were fused (19), we found that buprenorphine exposure altered interneuron migration, 406 

leading to an increase in interneuron migration into cortical spheroids. This increase in 407 

interneuron migration was accompanied by an increase in network activity in fused 408 

spheroids exposed to buprenorphine chronically. These results may seem contradictory 409 

as interneurons signal via the inhibitory neurotransmitter, GABA. However, high 410 

intracellular chloride concentrations in the developing brain can result in depolarization of 411 

the cell when GABA binds to its ionotropic receptors (32, 33). Interestingly, the excitatory 412 

action of GABA in the developing brain has been shown to induce synaptogenesis (34) 413 

and produce long-term changes in synaptic efficacy (35, 36), suggesting that alterations 414 

in the development of GABAergic interneurons by buprenorphine may shape the 415 

development of the cortex.  416 

Network activity in the adult cortex is regulated by a complex interplay between 417 

excitatory and inhibitory neurons. Excitatory pyramidal cells release glutamate and are 418 

primarily responsible for transmitting information between brain regions. Conversely, 419 

inhibitory interneurons use GABA to signal and act locally to maintain control over 420 

individual pyramidal cells and to regulate oscillations across neuronal assemblies (37). 421 

After demonstrating that buprenorphine can alter interneuron migration in the developing 422 

cortex, we next used a rodent model of prenatal opioid exposure to show that 423 

buprenorphine exposure in utero produces changes in interneuron distribution throughout 424 

the adult cortex. These findings may be significant as interneuron dysfunction has been 425 

associated with a variety of neurodevelopmental and psychiatric disorders, including 426 

schizophrenia, autism, and intellectual disability (37). For example, schizophrenia 427 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


 16 

patients have decreased expression of the GABA synthesizing enzyme, glutamic acid 428 

decarboxylase (GAD), in the prefrontal cortex, an effect that seems to reflect not a loss 429 

of cells but rather a loss of function in specific subclasses of interneurons (38). We have 430 

recently demonstrated that disrupting interneuron function in the cortex can produce 431 

schizophrenia-like deficits in social interaction and cognitive function in otherwise healthy 432 

animals (39). Further, our lab and others have shown that restoring interneuron function 433 

in the prefrontal cortex in a rodent developmental disruption model can attenuate 434 

behavioral deficits (40). Together with the current findings, these results suggest 435 

buprenorphine alters the development of cortical circuits implicated in the pathology of 436 

neurodevelopmental and psychiatric disorders. 437 

Interestingly, the NOP receptor and its endogenous ligand, nociceptin, have also 438 

been implicated in psychiatric disease (41, 42). In adults, the receptor is highly expressed 439 

in brain regions associated with mental illness, including the cortex, hippocampus, 440 

amygdala, thalamus, hypothalamus, and dorsal raphe (31, 43-46). Further, nociceptin 441 

levels are elevated in patients suffering from bipolar disorder and major depression (47). 442 

A recent proof of concept clinical trial demonstrated that the NOP receptor antagonist, 443 

LY2940094, improved depression scores compared to placebo (41). These limited human 444 

findings are corroborated by animal models. Specifically, antidepressant-like effects in 445 

the forced swim test have been observed in both NOP receptor knock-out animals (48) 446 

and in wild-type rodents treated with a NOP receptor antagonist (41, 49). Activation of the 447 

NOP receptor has also been shown to impair working memory, one cognitive function 448 

associated with schizophrenia (50). While the current experiments did not examine how 449 

buprenorphine exposure in utero may affect NOP receptor function in adulthood, previous 450 

work has demonstrated that in rodents, prenatal buprenorphine exposure can decrease 451 

G protein coupling to NOP receptors (51). Future experiments will be required to 452 

determine if buprenorphine activation of the NOP receptor during development can affect 453 

adult NOP receptor function and lead to the development of psychiatric disorders.  454 

The current results suggesting that buprenorphine can alter cortical development 455 

are in line with human studies that demonstrate that buprenorphine exposure in utero 456 

may have long-term developmental consequences. Specifically, 5-6 year old children 457 

exposed to buprenorphine in utero have been shown to have deficits in motor skills and 458 
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memory. These children also had increased hyperactivity, impulsivity, and attention 459 

problems compared to peers matched for neonatal abstinence syndrome, gender, and 460 

socio-economic factors (15). Other studies, however, have failed to demonstrate that 461 

prenatal buprenorphine exposure produces deficits in cognitive development, language 462 

abilities, sensory processing, and temperament over the first 3 years of life (52). These 463 

contradictory findings in humans may be a result of the numerous potential confounding 464 

factors at play, including the severity of neonatal abstinence syndrome and obstetric 465 

complications (e.g. low birth weight, etc.) as well as the home environment. Further, these 466 

studies are limited to infants and young children. However, the current studies suggest 467 

that buprenorphine exposure in utero may influence circuits involved in psychiatric 468 

disorders, which often do not present until adulthood. There are currently no human 469 

studies that follow buprenorphine exposed babies into adulthood. However, rodent 470 

studies show that prenatal buprenorphine exposure can decrease neurogenesis and 471 

increases depression- and anxiety-like behavior in adult animals (53, 54), suggesting that 472 

buprenorphine may have long-term consequences. 473 

In conclusion, a large body of research indicates that OUD can have severe and 474 

immediate consequences on a fetus, including low birth weight, sudden infant death, 475 

respiratory complications and Neonatal Abstinence Syndrome (14). Buprenorphine has 476 

been shown to improve outcomes in infants, decreasing the incidence, severity, and 477 

duration of Neonatal Abstinence Syndrome compared to mothers using illicit opioids (7) 478 

and those that receive other treatments for OUD (55, 56). Therefore, our results should 479 

not be interpreted as a reason to stop the use of buprenorphine in pregnant women with 480 

OUD. However, our findings suggest that more research should be done to increase our 481 

understanding of the long-term consequences of buprenorphine exposure in utero, and 482 

to find novel therapeutics, particularly those that do not target the NOP receptor. 483 

 484 

 485 

 486 

 487 

 488 

 489 
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FIGURE LEGENDS 497 

 498 

 499 

Figure 1. Characterization of cortical and subpallial spheroids 500 

The protocol for generating cortical and subpallial spheroids is depicted in (A). B) RNA Sequencing 501 

found that neither cortical nor subpallial spheroids express NANOG. Cortical spheroids express 502 

PAX6 and NEUROD6 while subpallial spheroids express NKX2-1, ARX, and DLX2. n=3-4. C) 503 

Immunohistochemistry demonstrating that cortical spheroids express ventricular-like zones and 504 

express markers of cortical development. n=6 D) Subpallial spheroids express GABA. n=6 Scale 505 

bar = 50 µm 506 

 507 

Figure 2. Buprenorphine signals through the nociception receptor. A) RNA Sequencing found 508 

that both cerebral and subpallial spheroids express the NOP receptor but not the mu-, kappa- or 509 

delta- opioid receptors. n=3-4. B) Data from fetal brain tissue demonstrating NOP receptor 510 

expression in cortical and subpallial regions beginning at 12 weeks. Red dots indicate ganglionic 511 

eminences and striatum, blue dots indicate cortical tissue. n=1-2. The experimental design is 512 

depicted in (C). D) Buprenorphine, like the endogenous NOP receptor ligand, decreases cAMP 513 

accumulation. This effect is blocked by treatment with the NOP receptor antagonist, UFP-101. 514 

n=8-12. E) Buprenorphine produces a trend toward decreased activity in the MEA, an effect that 515 

was blocked by UFP-101. n=16-21.  516 

 517 

Figure 3. Buprenorphine alters markers of interneuron development in subpallial spheroids. 518 

The experimental design is depicted in (A). B) Buprenorphine treatment increases the expression 519 

of interneuron markers in subpallial spheroids. n=12-17. C) Both oxycodone and buprenorphine 520 

treatment increase ARX area in subpallial spheroids. KI67 and NKX2-1 were not affected. n=5-6. 521 

Scale bar = 50 µm. 522 

 523 

Figure 4. Buprenorphine alters interneuron migration into cortical spheroids and disrupts 524 

network activity.  525 
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The experimental design is depicted in (A) Representative images of fused spheroids are shown 526 

in (B) C) Buprenorphine increased the number of GFP+ cells that migrated into the cortical 527 

spheroid compared to control- and oxycodone-treated spheroids. n=6. D) Buprenorphine 528 

exposure produces a trend toward increased MEA activity compared to control- and oxycodone-529 

treated spheroids. n=6-7. Scale bar = TBD. 530 

 531 

Figure 5. Prenatal buprenorphine alters interneuron migration in the rodent cortex The 532 

experimental design is depicted in (A). The region of the medial prefrontal cortex analyzed is 533 

shown in (B). Representative images of Lhx6+ cells are shown in (C). D) The total number of Lhx6+ 534 

cells in the prelimbic region (PrL) of the mPFC is not altered by in utero opioid exposure. The 535 

distribution of Lhx6+ cells throughout the PrL is altered by buprenorphine exposure. n=5-8. 536 

 537 

Supplementary Figure 1.  538 

A) hiPSC lines maintained markers of pluripotency. B) hiPSC lines maintained a normal karyotype. 539 

C) A representative image of a cortical spheroid generated from the CRISPR-mCh hiPSC cell line.  540 

Scale bar = 25 um 541 

 542 

Supplementary Figure 2.  543 

The experimental design is depicted in (A). B) Buprenorphine and oxycodone had some effects 544 

on markers of cortical development, as measured by qPCR. n=8. C) Representative images of 545 

Ki67, TUJ1, and AC3 immunohistochemistry in control- or buprenorphine-treated spheroids. D) 546 

Neither oxycodone or buprenorphine affect cortical network activity in MEAs performed on day 547 

60. n=20-24. E) Neither oxycodone or buprenorphine affect cortical network activity in MEAs 548 

performed on day 120. n=25. Scale bar = TBD 549 

 550 

 551 

 552 

 553 
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Table 1 554 

 555 

Antibody Host Specie Company Cat. Number Dilution 

Anti-AC3 Rabbit Cell Signalling 9661  1:400 

Anti-ARX Rabbit Gift from ?  1:500 

Anti-BRN2 Mouse Millipore MABD51 1:100 

Anti-Ctip2 Rat Abcam AB18465  1:300 

Anti-FAM107 Rabbit Sigma HPA055888 1:1000 

Anti-GABA Rabbit Sigma A2052  1:1000 

Anti-GFP Chicken AvesLab GFP-120  1:500 

Anti-HOPX Rabbit Sigma HPA055888 1:1000 

Anti-Ki67 Mouse BD 550609  1:500 

Anti-Lin28 Rabbit Cell Signalling 3978  1:1000 

Anti-Nanog Mouse Thermoscientific MA1-017  1:500 

Anti-Nestin Mouse Millipore MAB353  1:250 

Anti-NKX2-1 Rabbit Abcam ab133737  1:500 

Anti-Pax6 Rabbit Biolegend 901301  1:300 

Anti-Satb2 Rabbit Abcam AB34735  1:1000 

Anti-Sox2 Rabbit Millipore AB5603  1:1000 

Anti-Tbr1 Rabbit Abcam AB31940  1:1000 

Anti-Tbr2 Rabbit Millipore AB2283  1:500 

Anti-Tuj1 Mouse Sigma T8660  1:400 

 556 

 557 

 558 

 559 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


 22 

REFERENCES      560 

1. Chang H-Y, Kharrazi H, Bodycombe D, Weiner JP, Alexander GC. Healthcare costs and 561 
utilization associated with high-risk prescription opioid use: a retrospective cohort study. BMC 562 
Medicine. 2018;16(1):69. 563 
2. Ross EJ, Graham DL, Money KM, Stanwood GD. Developmental consequences of fetal 564 
exposure to drugs: what we know and what we still must learn. Neuropsychopharmacology : 565 
official publication of the American College of Neuropsychopharmacology. 2015;40(1):61-87. 566 
3. Patrick SW, Dudley J, Martin PR, Harrell FE, Warren MD, Hartmann KE, et al. Prescription 567 
opioid epidemic and infant outcomes. Pediatrics. 2015;135(5):842-50. 568 
4. Bashore RA, Ketchum JS, Staisch KJ, Barrett CT, Zimmermann EG. Heroin addiction and 569 
pregnancy. West J Med. 1981;134(6):506-14. 570 
5. Hulse GK, Milne E, English DR, Holman CD. Assessing the relationship between maternal 571 
opiate use and neonatal mortality. Addiction. 1998;93(7):1033-42. 572 
6. Kaltenbach K, Berghella V, Finnegan L. Opioid dependence during pregnancy. Effects and 573 
management. Obstet Gynecol Clin North Am. 1998;25(1):139-51. 574 
7. Binder T, Vavrinková B. Prospective randomised comparative study of the effect of 575 
buprenorphine, methadone and heroin on the course of pregnancy, birthweight of newborns, 576 
early postpartum adaptation and course of the neonatal abstinence syndrome (NAS) in women 577 
followed up in the outpatient department. Neuro Endocrinol Lett. 2008;29(1):80-6. 578 
8. Hunt RW, Tzioumi D, Collins E, Jeffery HE. Adverse neurodevelopmental outcome of 579 
infants exposed to opiate in-utero. Early Hum Dev. 2008;84(1):29-35. 580 
9. Kandall SR, Albin S, Lowinson J, Berle B, Eidelman AI, Gartner LM. Differential effects of 581 
maternal heroin and methadone use on birthweight. Pediatrics. 1976;58(5):681-5. 582 
10. ACOG Committee Opinion No. 524: Opioid abuse, dependence, and addiction in 583 
pregnancy. Obstetrics and gynecology. 2012;119(5):1070-6. 584 
11. Johnson RE, Jones HE, Fischer G. Use of buprenorphine in pregnancy: patient 585 
management and effects on the neonate. Drug Alcohol Depend. 2003;70(2 Suppl):S87-101. 586 
12. Welle-Strand GK, Skurtveit S, Jones HE, Waal H, Bakstad B, Bjarkø L, et al. Neonatal 587 
outcomes following in utero exposure to methadone or buprenorphine: a National Cohort Study 588 
of opioid-agonist treatment of Pregnant Women in Norway from 1996 to 2009. Drug Alcohol 589 
Depend. 2013;127(1-3):200-6. 590 
13. Nanovskaya T, Deshmukh S, Brooks M, Ahmed MS. Transplacental transfer and 591 
metabolism of buprenorphine. J Pharmacol Exp Ther. 2002;300(1):26-33. 592 
14. Tobon AL, Habecker E, Forray A. Opioid Use in Pregnancy. Curr Psychiatry Rep. 593 
2019;21(12):118. 594 
15. Sundelin Wahlsten V, Sarman I. Neurobehavioural development of preschool-age children 595 
born to addicted mothers given opiate maintenance treatment with buprenorphine during 596 
pregnancy. Acta Paediatr. 2013;102(5):544-9. 597 
16. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, et al. Cerebral 598 
organoids model human brain development and microcephaly. Nature. 2013;501(7467):373-9. 599 
17. Paşca AM, Sloan SA, Clarke LE, Tian Y, Makinson CD, Huber N, et al. Functional cortical 600 
neurons and astrocytes from human pluripotent stem cells in 3D culture. Nat Methods. 601 
2015;12(7):671-8. 602 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


 23 

18. Birey F, Andersen J, Makinson CD, Islam S, Wei W, Huber N, et al. Assembly of functionally 603 
integrated human forebrain spheroids. Nature. 2017;545(7652):54-9. 604 
19. Bagley JA, Reumann D, Bian S, Lévi-Strauss J, Knoblich JA. Fused cerebral organoids model 605 
interactions between brain regions. Nat Methods. 2017;14(7):743-51. 606 
20. Berg KA, Patwardhan AM, Sanchez TA, Silva YM, Hargreaves KM, Clarke WP. Rapid 607 
modulation of micro-opioid receptor signaling in primary sensory neurons. J Pharmacol Exp Ther. 608 
2007;321(3):839-47. 609 
21. Chambers I, Silva J, Colby D, Nichols J, Nijmeijer B, Robertson M, et al. Nanog safeguards 610 
pluripotency and mediates germline development. Nature. 2007;450(7173):1230-4. 611 
22. Georgala PA, Carr CB, Price DJ. The role of Pax6 in forebrain development. Dev Neurobiol. 612 
2011;71(8):690-709. 613 
23. Camp JG, Badsha F, Florio M, Kanton S, Gerber T, Wilsch-Brauninger M, et al. Human 614 
cerebral organoids recapitulate gene expression programs of fetal neocortex development. 615 
Proceedings of the National Academy of Sciences of the United States of America. 616 
2015;112(51):15672-7. 617 
24. Colasante G, Collombat P, Raimondi V, Bonanomi D, Ferrai C, Maira M, et al. Arx is a direct 618 
target of Dlx2 and thereby contributes to the tangential migration of GABAergic interneurons. 619 
The Journal of neuroscience : the official journal of the Society for Neuroscience. 620 
2008;28(42):10674-86. 621 
25. Du T, Xu Q, Ocbina PJ, Anderson SA. NKX2.1 specifies cortical interneuron fate by 622 
activating Lhx6. Development. 2008;135(8):1559-67. 623 
26. Kumar V, Ridzwan IE, Grivas K, Lewis JW, Clark MJ, Meurice C, et al. Selectively 624 
promiscuous opioid ligands: discovery of high affinity/low efficacy opioid ligands with substantial 625 
nociceptin opioid peptide receptor affinity. J Med Chem. 2014;57(10):4049-57. 626 
27. Wonders C, Anderson SA. Cortical interneurons and their origins. Neuroscientist. 627 
2005;11(3):199-205. 628 
28. Zaveri NT. Nociceptin Opioid Receptor (NOP) as a Therapeutic Target: Progress in 629 
Translation from Preclinical Research to Clinical Utility. J Med Chem. 2016;59(15):7011-28. 630 
29. Mogil JS, Pasternak GW. The molecular and behavioral pharmacology of the orphanin 631 
FQ/nociceptin peptide and receptor family. Pharmacol Rev. 2001;53(3):381-415. 632 
30. New DC, Wong YH. The ORL1 receptor: molecular pharmacology and signalling 633 
mechanisms. Neurosignals. 2002;11(4):197-212. 634 
31. Neal CR, Jr., Akil H, Watson SJ, Jr. Expression of orphanin FQ and the opioid receptor-like 635 
(ORL1) receptor in the developing human and rat brain. J Chem Neuroanat. 2001;22(4):219-49. 636 
32. Ben-Ari Y, Cherubini E, Corradetti R, Gaiarsa JL. Giant synaptic potentials in immature rat 637 
CA3 hippocampal neurones. J Physiol. 1989;416:303-25. 638 
33. Owens DF, Boyce LH, Davis MB, Kriegstein AR. Excitatory GABA responses in embryonic 639 
and neonatal cortical slices demonstrated by gramicidin perforated-patch recordings and calcium 640 
imaging. The Journal of neuroscience : the official journal of the Society for Neuroscience. 641 
1996;16(20):6414-23. 642 
34. Wolf W, Hicks TP, Albus K. The contribution of GABA-mediated inhibitory mechanisms to 643 
visual response properties of neurons in the kitten's striate cortex. The Journal of neuroscience : 644 
the official journal of the Society for Neuroscience. 1986;6(10):2779-95. 645 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


 24 

35. Caillard O, Ben-Ari Y, Gaiarsa JL. Long-term potentiation of GABAergic synaptic 646 
transmission in neonatal rat hippocampus. J Physiol. 1999;518(Pt 1):109-19. 647 
36. Caillard O, Ben-Ari Y, Gaïarsa JL. Mechanisms of induction and expression of long-term 648 
depression at GABAergic synapses in the neonatal rat hippocampus. The Journal of neuroscience 649 
: the official journal of the Society for Neuroscience. 1999;19(17):7568-77. 650 
37. Marín O. Interneuron dysfunction in psychiatric disorders. Nat Rev Neurosci. 651 
2012;13(2):107-20. 652 
38. Donegan JJ, Lodge DJ. Cell-based therapies for the treatment of schizophrenia. Brain Res. 653 
2017;1655:262-9. 654 
39. Perez SM, Boley A, Lodge DJ. Region specific knockdown of Parvalbumin or Somatostatin 655 
produces neuronal and behavioral deficits consistent with those observed in schizophrenia. 656 
Transl Psychiatry. 2019;9(1):264. 657 
40. Donegan JJ, Boley AM, Lodge DJ. Embryonic stem cell transplants as a therapeutic strategy 658 
in a rodent model of autism. Neuropsychopharmacology : official publication of the American 659 
College of Neuropsychopharmacology. 2018;43(8):1789-98. 660 
41. Post A, Smart TS, Krikke-Workel J, Dawson GR, Harmer CJ, Browning M, et al. A Selective 661 
Nociceptin Receptor Antagonist to Treat Depression: Evidence from Preclinical and Clinical 662 
Studies. Neuropsychopharmacology : official publication of the American College of 663 
Neuropsychopharmacology. 2016;41(7):1803-12. 664 
42. Khan MS, Boileau I, Kolla N, Mizrahi R. A systematic review of the role of the nociceptin 665 
receptor system in stress, cognition, and reward: relevance to schizophrenia. Transl Psychiatry. 666 
2018;8(1):38. 667 
43. Kimura Y, Fujita M, Hong J, Lohith TG, Gladding RL, Zoghbi SS, et al. Brain and whole-body 668 
imaging in rhesus monkeys of 11C-NOP-1A, a promising PET radioligand for nociceptin/orphanin 669 
FQ peptide receptors. J Nucl Med. 2011;52(10):1638-45. 670 
44. Lohith TG, Zoghbi SS, Morse CL, Araneta MF, Barth VN, Goebl NA, et al. Brain and whole-671 
body imaging of nociceptin/orphanin FQ peptide receptor in humans using the PET ligand 11C-672 
NOP-1A. J Nucl Med. 2012;53(3):385-92. 673 
45. Lambert DG. The nociceptin/orphanin FQ receptor: a target with broad therapeutic 674 
potential. Nat Rev Drug Discov. 2008;7(8):694-710. 675 
46. Berthele A, Platzer S, Dworzak D, Schadrack J, Mahal B, Büttner A, et al. [3H]-nociceptin 676 
ligand-binding and nociceptin opioid receptor mrna expression in the human brain. 677 
Neuroscience. 2003;121(3):629-40. 678 
47. Wang LN, Liu LF, Zhang JX, Zhao GF. [Plasma levels of nociceptin/orphanin FQ in patients 679 
with bipolar disorders and health adults]. Zhonghua Yi Xue Za Zhi. 2009;89(13):916-8. 680 
48. Rizzi A, Molinari S, Marti M, Marzola G, Calo G. Nociceptin/orphanin FQ receptor knockout 681 
rats: in vitro and in vivo studies. Neuropharmacology. 2011;60(4):572-9. 682 
49. Gavioli EC, Calo G. Nociceptin/orphanin FQ receptor antagonists as innovative 683 
antidepressant drugs. Pharmacol Ther. 2013;140(1):10-25. 684 
50. Goeldner C, Reiss D, Wichmann J, Meziane H, Kieffer BL, Ouagazzal AM. Nociceptin 685 
receptor impairs recognition memory via interaction with NMDA receptor-dependent mitogen-686 
activated protein kinase/extracellular signal-regulated kinase signaling in the hippocampus. The 687 
Journal of neuroscience : the official journal of the Society for Neuroscience. 2008;28(9):2190-8. 688 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


 25 

51. Hou Y, Tan Y, Belcheva MM, Clark AL, Zahm DS, Coscia CJ. Differential effects of 689 
gestational buprenorphine, naloxone, and methadone on mesolimbic mu opioid and ORL1 690 
receptor G protein coupling. Brain Res Dev Brain Res. 2004;151(1-2):149-57. 691 
52. Kaltenbach K, O'Grady KE, Heil SH, Salisbury AL, Coyle MG, Fischer G, et al. Prenatal 692 
exposure to methadone or buprenorphine: Early childhood developmental outcomes. Drug 693 
Alcohol Depend. 2018;185:40-9. 694 
53. Wu CC, Hung CJ, Shen CH, Chen WY, Chang CY, Pan HC, et al. Prenatal buprenorphine 695 
exposure decreases neurogenesis in rats. Toxicol Lett. 2014;225(1):92-101. 696 
54. Gholami M, Saboory E, Ahmadi AA, Asouri M, Nasirikenari M, Rostamnezhad M. Long-697 
time effects of prenatal morphine, tramadol, methadone, and buprenorphine exposure on 698 
seizure and anxiety in immature rats. Int J Neurosci. 2020;130(9):898-905. 699 
55. Zedler BK, Mann AL, Kim MM, Amick HR, Joyce AR, Murrelle EL, et al. Buprenorphine 700 
compared with methadone to treat pregnant women with opioid use disorder: a systematic 701 
review and meta-analysis of safety in the mother, fetus and child. Addiction. 2016;111(12):2115-702 
28. 703 
56. Brogly SB, Saia KA, Walley AY, Du HM, Sebastiani P. Prenatal buprenorphine versus 704 
methadone exposure and neonatal outcomes: systematic review and meta-analysis. Am J 705 
Epidemiol. 2014;180(7):673-86. 706 
 707 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


hCS

hSS

A

B

C

DAPI BRN2 TBR1 

90 D 120 D

DAPI   CTIP2 
  SATB2

180 D

DAPI HOPX 
NESTIN 

oSVZ

90 D

DAPI  NESTIN
FAM107

oSVZ

90 D

DAPI  TUJ1  PAX6

VZ

SVZ
30 D

DAPI NESTIN TBR2 CTIP2

VZ

SVZ

SVZ

VZ

30 D

VZ

SVZ

70 D

D
DAPI   GABA

BRN2

SATB2

CTIP2

TBR1

HOPX

TBR2

PAX6NESTIN

FAM107

RGCs

IPs

oRGCs

Deep layer 
neurons

Upper layer 
neurons

Figure 1

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


Figure 2

hCS

hSS

A

C

D

E

Veh Oxy Bup Bup
0

50

100

150

200

MEA

%
 B

as
el

in
e 

A
ct

iv
ity

+
UFP-101

MEA

cAMP Accumulation

Veh Oxy Bup Noc 
0

50

100

150

%
 F

or
sk

ol
in

Vehicle
UFP-101

*

+

*

+

cAMP Accumulation

B

37
8 w

pc
9 w

pc

12
 w

pc

13
 w

pc

16
 w

pc

17
 w

pc

19
 w

pc

21
 w

pc

24
 w

pc

25
-26

 w
pc

35
 w

pc

37
 w

pc
0

20

40

60

80

100

120

O
PR

L1
 N

or
m

al
iz

ed
 C

ou
nt

s

8 9 12 13 16 17 19 21 24 25-26
35

Weeks post conception

0

20

O
PR

L1
 N

or
m

al
iz

ed
 C

ou
nt

s

40

60

80

100

120

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Veh

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Oxy

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Bup

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Bup + UFP

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


A B

C

D

DA
PI

     
AR

X

Control BupOxy

E F

Figure 3

hSS qPCR

∆
∆

C
q

Arx Dlx1 Lhx6 Nkx2.1
0.0

0.5

1.0

1.5

2.0 Control

Bup
Oxy

Control Oxy Bup
0

5

10

15

hSS 60 DIV

%
 A

R
X+  a

re
a

**

Control Oxy Bup
0.0

0.2

0.4

0.6

hSS 60 DIV

%
 K

I6
7+  a

re
a

Control Oxy Bup
0

5

10

15

20

hSS 60 DIV

%
 N

KX
2.

1+  a
re

a
n.s.

n.s.
n.s.

n.s.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


Migrating Cells Track length

B

Track Straightness

Average Speed MEA

Figure 4

A

Control Oxy Bup
0

10

20

30

40

50

Fused Organoids - Migrated Cells

%
 T

ot
al

 G
FP

+  C
el

ls *

C

D

Control Oxy Bup
0

100

200

300

400

60D chronic fused

%
 B

as
el

in
e 

A
ct

iv
ity

Max Speed

Control BupOxy

Control Oxy Bup   
0

50

100

150

200

Tr
ac

k 
Le

ng
th

 (u
m

)

Track Length

Control Oxy Bup   
0.0

0.2

0.4

0.6

Tr
ac

k 
S

tra
ig

ht
ne

ss

Track Straightness

Control Oxy Bup   
0.000

0.001

0.002

0.003

Sp
ee

d 
(u

m
/s

ec
)

Control Oxy Bup   
0.000

0.002

0.004

0.006

0.008

Sp
ee

d 
(u

m
/s

ec
)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


A

B

C

Figure 5

Prelimbic Cortex

0 5 10 15 20

Bin 1

Bin 2

Bin 3

Bin 4

Bin 5

Bin 6

Bin 7

Bin 8

Bin 9

Bin 10

Prelimbic Cortex

Saline

Bup
Oxy

*

% Lhx6+ cells

*

*
Saline Oxy Bup

Saline Oxy Bup
0

20

40

60

80

100

Lh
x6

+ 
ce

lls

PrL

D

10

1
2
3
4
5
6
7
8
9

10

1
2
3
4
5
6
7
8
9

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022


A

B

D

E

Figure S2

Experimental Design - Short Term

Experimental Design - Long Term

MEA 60 DIV

Control Oxy Bup
0

50

100

150

200

60D acute MEA

%
  B

as
el

in
e 

A
ct

iv
ity

MEA 120 DIV

Control Oxy Bup 
0

50

100

150

200

120D acute MEA

%
 B

as
el

in
e 

A
ct

iv
ity

hCS organoid qPCR - All Genes

∆∆
C
q

ADCY3
Arx

BCL1
1B Dlx5

MKi67
Pax

6

SATB2
TBR1

TUBB3
0

1

2

3

4

5 Control
Oxy
Bup

* *

*

* *

*

*

*

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Control

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Control

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Oxy

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Oxy

10s (Time)

4 
µV

 (V
ol

ta
ge

)
Bup

10s (Time)

4 
µV

 (V
ol

ta
ge

)

Bup

C
Control Bup

TU
J1

A
C

3
K

I6
7

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.356022doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.356022

