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Summary

The impact of long-term opioid exposure on the embryonic brain is crucial to healthcare due
to the surging number of pregnant mothers with an opioid dependency. Current studies on
the neuronal effects are limited due to human brain inaccessibility and cross-species
differences among animal models. Here, we report a model to assess cell-type specific
responses to acute and chronic fentanyl treatment, as well as fentanyl withdrawal, using
human induced pluripotent stem cell (hiPSC)-derived midbrain organoids. Single cell MRNA
sequencing (25,510 single cells in total) results suggest that chronic fentanyl treatment
arrests neuronal subtype specification during early midbrain development and alters the
pathways associated with synaptic activities and neuron projection. Acute fentanyl treatment,
however, increases dopamine release but does not induce significant changes in gene
expressions of cell lineage development. To date, our study is the first unbiased examination

of midbrain transcriptomics with synthetic opioid treatment at the single cell level.
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Introduction

The opioid epidemic has reached crisis levels across the globe, with opioid use disorder
(OUD) affecting 40.5 million people worldwide'. The perverse misuse of prescription opioids
and heroin combined with the emergence of extremely potent fentanyl derivatives triggered
a 10-fold increase in overdose fatalities in the United states from 2013 to 20182°. Indeed, the
negative social, economic, and health ramifications of COVID-19 have further worsened this
situation, with significant increases in opioid-related use, misuse, and non-fatal/fatal overdose
after the start of the pandemic® 7. An unfortunate consequence of this accelerated opioid use
includes a parallel surge in the use of prescription opioids among pregnant women?® °. Survey
data found that 6.6% of women reported prescription opioid use during pregnancy, with 21.2%
of those women reporting misuse, and 22—-30% of women filling at least one prescription for
an opioid analgesic during pregnancy® '°. In addition to increased health care costs and
adverse maternal outcomes, opioid use during pregnancy leads to an inevitable increase in

the incidence of neonates exposed to opioids in utero-'3,

Prenatal opioid exposure, which includes both the use and misuse of prescription and
illicit opioid drugs, causes unusual and deleterious symptoms in neonates including neonatal
abstinence syndrome (NAS), small head circumference'®, decreased cerebral volume'®,
microstructural brain injury®, and low birth weight® ° 6. Extensive clinical data also suggest
that in utero opioid exposure has adverse effects on the developing organ systems, including
the central nervous system? '7- 18, The impaired neurodevelopment of these neonates are
correlated with long-term issues, with follow-up studies revealing that individuals who had in
utero opioid exposure experience problems with cognitive, behavioral, and developmental
outcomes in their childhood'® 2°. However, the precise cellular and molecular mechanisms
underlying opioid-related neurodevelopmental disruptions in humans are unclear, and a

better understanding of potential risks of long-term opioid exposure is crucial. This is
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especially urgent because synthetic opioids (i.e. fentanyl, methadone, and buprenorphine)
themselves are frequently used to treat both pregnant patients with OUD and neonates with

NAS, and thus advancements in therapeutics are absolutely necessary?" 22,

Efforts to understand the mechanisms underlying human neurodevelopment in response
to opioids are fraught with challenges, such as limited accessibility to fetal brain specimens,
ethical conflicts, and complex individual drug abuse history. Although pre-clinical studies
conducted with animal models have revealed the detrimental effects of opioid use on the
neurodevelopment of offspring?3, inherent species differences have led to a general gap in
neuropsychiatric clinical translation and a subsequent failure in drug development?*.
Pharmacological therapeutics developed using animal models have also been particularly
ineffective for the treatment of opioid abuse in humans because: 1) different species vary in
their neurodevelopmental trajectories, receptor expression, and central opioid
pharmacokinetics, and 2) animal models cannot capture the broader network of symptoms
and environmental/social factors that are fundamental to drug abuse and addiction?® 6.
Moreover, although human postmortem brain specimens have the ability to directly assess
the human-specific differences in gene expression, biomarkers, and neuroanatomy in drug
abuse?’-30, cellular and molecular responses cannot be evaluated in a time-dependent

manner.

Brain organoids are thus excellent potential candidates to bridge the gap between animal
models and human studies. Brain organoids are self-assembled three-dimensional
aggregates generated from human pluripotent stem cells in vitro that resemble the human
fetal brain3'. Unlike conventional two-dimensional cell cultures, organoid models better
recapitulate the fetal brain in cell type composition, 3D architecture, and similar lineage
trajectory32-35, Brain organoids also provide a platform for unparalleled manipulation, enabling

systematic studies of human neurodevelopment, disease modeling, and drug screening33 3¢-
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40_ Further, recent advances in guided organoid generation methods using lineage-specific
patterning factors allow for the generation of micro-tissue mimicking certain brain regions

such as the cerebral cortex*! 42, hippocampus*3, and midbrain3®.

In addition, brain organoids have revolutionized the characterization of brain development
in combination with patient-derived iPSC engineering, genetic engineering, epigenetics, and
single cell multiomics*+4’. Specifically, single-cell RNA sequencing (scRNA-seq) offers
insights into underlying molecular signatures. Systematic RNA-seq analysis could identify
early events of human neurogenesis and synaptogenesis that are limited to experimental
access and validate cell types and neuronal activities3® 4849, For example, recent research
identified 545 differentially expressed genes in the midbrains of opioid users compared to
non-opioid users using bulk RNA-seg?’. To date, however, cellular changes observed in
distinct human neuronal subtypes upon opioid exposure have not been reported. Although
multiple tested brain organoid generation models have been developed and validated,
functional models are yet to be established to explore the temporal and spatial changes of
neurons in response to a specific stressor, such as opioids. The susceptibility of newborns
and adults to develop altered opioid responses thus remains under-investigated and poorly

understood.

To our knowledge, this is the first study to investigate the influences of chronic opioid
exposure on molecular and cellular alterations during neurodevelopment using a human
midbrain organoid model. Based on a previously reported organoid generation protocol®¢, we
established our midbrain organoids as a viable model to study neurodevelopment, as well as
developed a framework for evaluating cell type-specific transcriptomic responses to fentanyl
exposure in these organoids. Moreover, our comprehensive molecular characterization
shows pseudo-time metrics of midbrain organoid development and offers an in-depth

analysis of affected gene features and pathways under a chronic fentanyl exposure condition.
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Interestingly, chronic fentanyl treatment arrests ectodermal cells at the stage of neural
progenitors or neuroblasts from progressing into neurons, while acute fentanyl treatment
does not cause significant transcriptomic changes associated with neurodevelopment. In
addition, although less neurons were observed in the fentanyl-treated organoids, the average
gene expression level of each neuron is higher in neuron projection, synapse assembly, and
neurotransmitter dynamics. Furthermore, neurodevelopment resumed in lineage-related
gene expression when fentanyl was withdrawn. Our investigation into the arrested
neurodevelopment in fentanyl-treated organoids, in addition to further advancements in
organoid technology, can help inform improved therapeutics for opioid abuse and prenatal

opioid exposure.

Results
Generation and characterization of midbrain organoids

We generated midbrain organoids using a protocol adapted from Kriks et al. and Jo et al.
with minor modifications (Figure 1A, Methods)3¢:37. Human iPSCs were dissociated to single
cells to form uniformly-sized embryoid bodies (EBs) approximately 300um in diameter in non-
treated U-bottom 96-well plates (Figure 1B). At day 7-14, EBs showed uniform
neuroectoderm formation along the outer surface of EBs where optically translucent and
radially organized (Figure 1B (inset)). These neuroectoderm-containing spheroids were
cultured in N2 neuronal media supplemented with neurotrophic factors (BDNF, Ascorbic acid,
GDNF, cAMP, TGF-b3, and DAPT) once neural induction was achieved in the first 9 days
(Figure 1A, Methods). The organoids grew up to 0.8~1.2mm in diameter after 21 days
(Figure 1C). The cytoarchitecture of the organoids were examined at day 21 by

immunocytochemical analysis (Figure 1D). The midbrain progenitors expressing OTX2 or


https://doi.org/10.1101/2021.06.02.446827
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.02.446827; this version posted June 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

FOXAZ2 proteins were located closer to the core of the organoids, with OTX2 expression
specifically found in the apical surface and extending to the intermediate region of the
neuroepithelia (Figure 1D and Figure S1B). In contrast, dopaminergic (TH positive) and
GABAergic (GABA positive) neurons were detected along the outer edge of the organoids,

which is similar to the layering of the human midbrain development (Figure S1A)%.

To further confirm whether organoids specifically developed towards the midbrain
specification, we monitored the time course of a set of marker genes for 35 days by RT-PCR
(Figure S1C). First, the expression of pluripotency markers, OCT4 and NANOG, drastically
decreased upon neuronal induction, while pan-neuronal marker expression, TUJ1 and MAP2,
gradually increased. In contrast, the expression of OTX2, a homeodomain transcription factor
required for patterning the midbrain region®', increased after 7 days of floor plate induction.
The co-expression of the floor-plate (FP) marker FOXA2 and the roof plate marker LMX1A,
a unique feature of midbrain development®’, was also observed. Furthermore, we observed
robust expression of various midbrain specific neuronal markers. For example, the
expression of midbrain dopaminergic neuronal markers (TH, DAT and PITX3) was up-
regulated during the differentiation process. On the contrary, expression levels of PAX6, a
forebrain marker, and TBR2 and GBX2, hindbrain markers, were low and not significantly
changed. The immunocytochemical staining results also exhibited a decrease in the number
of OTX2+ cells and an increase in the number of tyrosine hydroxylase (TH+) from day 7 to
day 35 of the differentiation (Figure S1A). These results indicate that cells of the midbrain
organoids gradually transitioned from proliferating neuroprogenitors into more mature

midbrain-specific neurons.

To comprehensively determine the cell composition of the iPSC-derived midbrain
organoids, single cell RNA sequencing was performed and annotated according to the cell

type signatures of human fetal ventral midbrain (6-11 weeks human embryos) previously
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reported by Manno et al.5? Cells at two differential time points, day 53 and day 77, were
analyzed. At each time point, cells from three organoids of each condition were pooled. A
total of 25,510 single cells was analyzed (Table S1). We identified twelve cell types in the
midbrain organoids including progenitor types (progenitors (Prog), radial glia-like cells (Rgl),
and neural progenitors (NProg)), neuroblasts (Nb), neuronal cell types (oculomotor and
trochlear nucleus (OMTN), Dopaminergic (DA), GABAergic (Gaba), red nucleus (RN), and
Serotoninergic (Sert) neurons), and mesoderm-derived cell types (endothelial cells (Endo),
pericytes (Peric), microglia-like cells (Mgl)) (Figure 1F and G, and Figure S2, Methods).
Compared to human fetal midbrain, our organoids did not have oligodendrocyte progenitor
cells (OPC) as of day 77 in culture. Except for OPC, overall cell type composition of the
organoids was comparable to that of the human fetal ventral midbrain, with some variation in
the proportions of each cell type (day 53 or 77 of in vitro differentiation vs. week 6-11 of in
vivo embryonic development). From day 53 to day 77, the percentage of neuroblast and
progenitor types decreased from 59% to 50%, whereas the percentage of neuronal and
mesoderm-derived cell types increased from 35% to 38% and 6% to 12%, respectively
(Figure S2A). This result further indicates the subsequent differentiation of neuroprogenitors

into neurons in the developing organoids.

To determine the electrophysiological properties of the cells, at day 35 we immobilized the
organoids on a Matrigel-coated coverslip and performed whole-cell current-clamp recordings
from cells on or near the surface of the organoid. Biocytin dye was added to the patch pipette
allowing to confirm in post-fixed organoids that recorded cells were TH+ (Figure 1H).
Electrophysiological analysis revealed that ~20% of the recorded neurons (4 of 21 cells) fired
spontaneous action potentials with an average frequency of 0.6 + 0.3 Hz (Figure 1l), which
is lower than the ~4 Hz autonomous firing frequency of mature mouse DA neurons. Injection

of a +10 pA step current (Figure 1J, black) produced a train of stable action potentials, but
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higher current steps (+30 pA (red) and +50 pA (blue)) yielded action potentials with a higher
frequency and lower amplitude that quickly ceased. These results suggest that the
dopaminergic neurons of the organoid are not fully matured at day 35 of differentiation.
Further, the average resting membrane potential of the neurons in the organoids was around
-40mV, which is higher than that of mature neurons (~-60 mV) (Figure 1K). Similarly,
dopamine synthesis and release were undetectable in untreated organoids, but increased
rapidly in the presence of dopamine precursor L-dihydroxyphenylalanine (L-DOPA),
demonstrating the ability of neurons to produce the neurotransmitter (Figure 1E). Taken
together, these results suggest that midbrain organoids are similar to early-stage human fetal
midbrains and could thus be used as a tool for understanding the influence of chronic opioid

exposure on neurodevelopment.

Cellular responses to acute opioid exposure for 4 hours

First, we confirmed that organoids express opioid receptors, including mu (OPRM1),
kappa (OPRK1), and delta (OPRD1). The mRNA expression levels of opioid receptors
drastically increased until day 35 and saturated after that point (Figure 2A). In addition, the
opioid receptors were detected where TH+ or GABA+ neurons were located (Figure 2B),

indicating that the midbrain-specific neurons of the organoid express opioid receptors.

Acute opioid administration occurs in many clinical situations, including as pain relief
during labor and delivery. To investigate the impact of short-term opioid treatment on the fetal
brain (i.e., acute opioid exposure in utero), the midbrain organoids were treated with synthetic
opioids (fentanyl, oxycodone, and hydrocodone) for 4 hours (Figure S4). The 4-hour
treatment of opioids up-regulated the bulk mRNA expression levels of all three opioid

receptors by 2 to 4-fold as compared to untreated organoids (Figure 2C). In addition, the
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intracellular and extracellular levels of dopamine also increased in organoids treated for 4
hours with fentanyl and for a subsequent hour with L-DOPA (Figure 2D). Measurements with
Fluo-4 AM showed that the frequency and amplitude of spontaneous calcium transients were
attenuated in cells in fentanyl-treated organoids (Figure 2E, 2F and Movie S1), consistent
with the mechanism underlying opioids’ modulation of signal transmission and pain

perception®s.

Next, we performed single cell transcriptome analysis of fentanyl-treated organoids. We
observed that the 4-hour fentanyl treatment altered gene profiles of neuroblasts (Nb),
oculomotor and trochlear nucleus (OMTN), and dopaminergic neurons (DA) (Figure 2 H-J,
Figure S3), but not in other neuronal types, such as Gaba, Sert, and red nucles (RN).
Interestingly, when we examined the single cell expression of previously reported opioid
response genes?’: %, synaptic plasticity genes (SNCG, SV2A) were expressed at a lower
level in the FTY group (Figure 2G). This indicates that synapse transmission was
downregulated by acute opioid treatment. Gene set enrichment analysis, however, showed
no significant change in biological pathways, possibly because we sequenced the organoids
on the same day of the acute treatment and ground level changes in gene expression profiles
were not yet established. Overall, our results suggest that even a short-term opioid treatment
elicits cell-type specific responses in the midbrain, but does not significantly alter the gene

profiles in neuronal lineage specification and neuron projection.

Chronic fentanyl treatment impairs neurodevelopment

Several neuroimaging and animal studies have shown the adverse effects of prenatal
opioid exposure on neurodevelopment?® %% including dysregulated functional connectivity

and decreases in brain volume across multiple regions such as the midbrain, and many
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others have linked this exposure to clinical observations of delayed neurodevelopment 19 20
% Therefore, we sought to investigate the effects of chronic fentanyl treatment using our
midbrain organoid model, in which organoids were treated with 74 nM fentanyl for 53-77days
starting from the first day of floor plate induction (Figure 1A). We first examined the
morphology of the midbrain organoid over its development. Our time course analysis of
midbrain organoids indicated that chronic fentanyl exposure did not change the gross
morphology nor the size of the organoids during 77 days of culture (Figure 3A), possibly
because organoid growth is eventually limited to a certain size anyway without the support of
a 3D hydrogel scaffold and perfusable vasculature. Furthermore, there were no significant
changes in the distribution pattern of OTX2 and TH proteins in the midbrain organoids,

forming rosette-like regions (Figure 3B).

Next, we explored whether the differentiation and maturation of various cell types in the
midbrain organoids were affected by chronic opioid exposure. Interestingly, the expression
level of both midbrain progenitor markers, FOXA2 and LMX1A, and pan-neuronal markers,
MAP2, was largely lower in the chronic fentanyl treatment group than in the untreated
organoids (Figure 3C). In contrast, there was no significant difference in the expression of
other genes related to pluripotency (OCT4, NANOG), midbrain (DAT, PITX3), forebrain
(PAX6), or hindbrain (TBR2, GBX2) regional identity at the bulk mRNA level, as measured by
RT-gPCR (Figure S6A). All three opioid receptors in the chronic fentanyl exposure group
were expressed much earlier than in untreated organoids (Figure 3C). The expression of the
opioid receptors in the chronic fentanyl treatment group peaked at day 35 while untreated

organoids showed the highest expression levels of opioid receptors at day 70.

We next examined scRNA-seq data to further characterize how fentanyl affected midbrain
neuronal differentiation. Comparing the cell type composition, a lower percentage of mature

neurons (DA, Gaba, OMTN, RN, Sert) and a higher percentage of pericytes (Peric) and
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progenitors (Prog, NProg) were observed in the fentanyl-treated samples (D77_FTY) as
compared with the untreated samples (D77_UT) (Figure 3D, S2A). Further, mature
dopaminergic neurons (DA) accounted for 14.26% of cells in the D77_UT sample and only
8.58% of cells in the D77_FTY sample. However, although less mature neurons developed

in the fentanyl-treated samples, the average level of TH remained similar.

We hypothesized that the change in cell composition resulted from alterations in cell
lineage decisions in midbrain development (Figure 3E). To understand the chronological
neurodevelopment, we constructed the developmental cell fate trajectories by two state-of-
art lineage decision methods: Monocle 3 (similarity-based method, Figure 3F-G) and scVelo
(RNA velocity-based method*® %" | Figure 3H-J, Methods). In Monocle 3, UMAP>8
visualization of our overall dataset showed two distinct groups: progenitors (Prog, NProg, Rgl,
Nb) and neurons (DA, Gaba, OMTN, RN) (Figure 3F and Figure S7 A-C). Pseudotime
lineage analysis showed the dynamic gene profile changes over pseudo-age. For instance,
stem cell genes (SOX2 and VIM) and mature neuron markers (MAP2 and DLG4) had an
inverse relationship, changing in opposite directions (Figure 3G and Figure S7 D-F).
Furthermore, we calculated RNA dynamics (i.e. rates of transcription, splicing, and
degradation of individual genes) based on the mapped spliced and unspliced mRNA reads
with scVelo (Figure S8A-B, Methods). By quantifying the connectivity of cell clusters,
partition-based graph abstraction (PAGA) provided a simple abstract graph of cell fate
connectivity (Figure 3H). We double checked the pseudotime projection of our dataset and
plotted out velocity streamlines of RNAs in both a normal brain organoid (Figure S9A) and a
growth-impaired organoid (Figure S9B). In theory, quiescent stem cells and terminally
differentiated cells (e.g. neurons) show close to zero velocity values as they are at a steady
state of spliced and unspliced mRNA levels. The size of the stream line arrows was in

proportion to the value of the cell’s velocity. We observed low velocity fields in a subpopulation
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of Prog and Rgl, as well as in Gaba and DA (Figure S9A-B), which is consistent with the
findings of previous studies*® %9, In addition, phase portraits of neuronal specification markers
and mature neuron function markers showed that chronic fentanyl exposure arrested cells at
an early stage of neurodevelopment (Figure 3J-K, S9C-D). Although radial glia-like cells
were identified in midbrain organoids, their specification and activity to give rise to certain

neurons are yet to be clarified.

Overall, our trajectory maps illustrated that: 1) neuron specification and maturation was
affected by the chronic fentanyl exposure, and more cells arrested as Prog or Nb instead of
becoming neurons (Figure 3D-E); 2) distinct neuron lineages converge back to intermediate
progenitors (i.e. neuroblasts); 3) iPSCs give rise to both mesoderm-derived cells and
ectoderm-derived neural cells in midbrain organoids. Together, these data suggest our
midbrain organoid model as a comprehensive framework to investigate cell lineage decisions

and driver gene dynamics in neurodevelopment.

Identification of gene regulatory network for major cell types

To find the master regulators that control cell fate decisions, we performed regulatory
network inference and clustering on scRNA data using SCENIC R package*® (Methods).
Instead of looking at individual genes in the differentially expressed matrix, this method
examines gene networks, taking cis-regulatory motifs and transcription factors into account.
In brief, we scored the activity of each regulon in all single cells and identified the top
transcription factor networks (Figure 4A, Figure S10). Both untreated and fentanyl-treated
samples showed a significant enrichment in CREBS5 (25 predicted target genes) and MAX
(10 predicted target genes) regulons (Figure 4B, Figure S5). CREB5 is a cyclic-AMP

response element binding (CREB) protein that has roles in neuronal survival, differentiation,
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memory, and drug addiction®®. MAX regulates more than 180 genes in the human
telencephalon and contributes to the development of all regions in the brain®'. Interestingly,
progenitor cells (Prog, NProg, Rgl) in the treated sample (D77_FTY) showed lower levels of
regulon activity (SOX2, BARHL2, FOXJ1, RFX4, ETV1) for neuronal differentiation,
specification, migration, and survival (Figure 4A, 4C-D, Figure S10C). BARHL2 contributes
to subtype specification and neuron migration®?, while ETV1 promotes dendrite and synapse
formation in granule neurons®3. A broad spectrum of transcription factors for neuronal function
genes was identified in the untreated sample, such as OTP (dopaminergic neuron
development), ISL1 (required for motor neuron identity and motor axon guidance), HDACG6
(synaptic plasticity), and ZMIZ1 (neuron maturation) (Figure 4A, 4G, Figure S10C). We do
not observe significant differences in the regulon activity of neurons or mesoderm-derived
cells between the treated and untreated samples (Figure S10 A-B). In contrast, progenitor
cells in the fentanyl-treated sample (D77_FTY) showed higher activities in regulons (SOX9,
NFIX, TCF4) for early neurodevelopment patterning and differentiation (Figure 4A, Figure
S$10C), suggesting those progenitors were at an early stage of neurodevelopment. HMGN3
(stress-responsive), DDIT3 (pro-apoptotic), and ZNF91 (apoptosis during early neuronal
differentiation) regulons were also found to be active in the treated sample, implying that the
cells are under stress. Our results traced the gene regulatory networks that were causing the
cell fate divergence in progenitor cells (Prog, NProg, Rgl) and identified potential regulators

for each single cell.

Chronic fentanyl exposure changes neuronal communication in synaptic activity

We analyzed the heterogeneous cell type-specific response to chronic fentanyl exposure

based on single cell RNA sequencing results. Differentially expressed genes between
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D77_UT and D77_FTY were identified by using the “FindMarkers” function in Seurat. Both
samples expressed high levels of VGF, SCG2, VAMP2, and RAB3A in various neuronal types
(DA, Gaba, OMTN, Sert, RN) (Figure S11, S12), which are secretory- or vesicle-associat
ed proteins that regulate neurotransmitter release® 5. A higher percentage of neurons
(DA, Gaba, OMTN, Sert, RN) in D77_FTY expressed genes related to neuronal functions
such as ion transport (KCNG2), synaptic plasticity (CAMK2A, LIN7A, GIT1, CPLX3), and
neurotransmitter release (SLC1A6, SLC6A1, SLC6A3, SLC6A4) (Figure 4H). Interestingly,
opioid receptor genes (OPRD1, OPRK1, OPKL1, OPRM1) did not present significantly
different expression at a single cell level in the chronic fentanyl sample. Our ssGSEA analysis
also identified pathways with gene set enrichment in each single cell (Figure 41, Methods).
In the D77_FTY sample, gene sets related to synaptic activity, neuron projection, and
neurotransmitter transport were highly enriched in neurons (DA, Gaba, OMTN). Differential
responses between DA and Gaba were not observed (Figure 41, $S11), likely because neural
circuits were not yet well established in organoids. In addition, progenitors (Rgl, Prog, NProg,
Nb) in D77_UT exhibited high regulon activity in neuron specification and migration, while
progenitors in D77_FTY showed high activity in neurogenesis, differentiation, and
axongenesis (Figure S10B). This indicates that progenitors in the D77_FTY arrested at a

much earlier stage than those in D77_UT.

Mesoderm-derived cells (pericytes, endothelial cells, and microglias) in untreated
midbrain organoids (D77_UT) were enriched with genes that mediate endothelium
development, angiogenesis, and extracellular structure organization. In chronic fentanyl-
treated organoids, we observed an elevated expression in genes related to immune response
(PLCG2, TFF3, CRYAB) and homeostasis (EPYC, SPINK6) (Figure S13). Interestingly,
pericytes were highly responsive to fentanyl treatment, which is demonstrated by the

significant transcriptome changes as compared to untreated pericytes (Figure S3A, S12A).
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Furthermore, the extracellular dopamine level of organoids with the chronic fentanyl
treatment was higher than that of untreated organoids (Figure S6B), but not significantly. The
organoids with chronic fentanyl treatment also showed less neurons with calcium signaling
(Figure S6C and Movie S2), indicating that cellular excitability and signal transmission were

affected by fentanyl.

Neural development resumes in transcriptomes when fentanyl is withdrawn

To determine if and to what degree the impact of fentanyl exposure on
neurodevelopmental program can be reversed when fentanyl is withdrawal after chronic
exposure, we alleviated organoid stress by withdrawal of fentanyl for 2 days. We performed
similar differential expression analysis between the untreated sample (D77_UT) and
withdrawal sample (D79 _WD), and found that regulon activities (FOXJ1, RFX4, SOX2,
BARHL?2) of neuronal differentiation and subtype specification were substantially restored in
progenitor cells (Prog, NProg, Rgl) (Figure 5A-B). We also observed an increased
expression of ventral midbrain progenitor genes (LMX1A), subtype specification genes
(NKX6-1, FOXA2), and mature neuron markers (RBFOX3, NFE2L1, HMGN3) in the D79_WD
sample as compared to D77_FTY (Figure 5C). Gene set enrichment analysis showed that
the synaptic activity and neuron projection in D79_WD were more similar to D77_UT than
D77_FTY (Figure 5D), indicating that the synaptic activity decreased to a basal state in
response to drug withdrawal. All the above data suggest that neural development resumes in

transcriptomes when opioids are withdrawn.

Discussion
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In utero opioid exposure has been reported to impair neurodevelopment and potentially
cause poor neurocognitive, behavioral, and developmental outcomes in childhood'®: 20.
However, the mechanism underlying this dysregulation is unclear, and more focused
research must be done. One of the primary adult neural circuits involved in opioid action is
the mesolimbic reward system. This system generates dopamine signals that arise in the
ventral tegmental area (VTA) in the midbrain and propagate throughout the rest of the brain,
playing a role in learning and reward pathways. Drugs of abuse, including opioids, take
advantage of this system, inducing dopamine surges and relieving pain through acute opioid
exposure®®. Chronic opioid exposure, however, does not simply have an exaggerated effect
— it disrupts dopamine signaling and causes transcriptional and epigenetic changes in the
brain regions within the mesolimbic system, promoting addiction and vulnerability to relapse®:
67, Although extensive clinical and preclinical data have demonstrated that opioid addiction is
strongly associated with the mesolimbic system in an adult brain, little is known about the
particular association in the developing human fetal brain. We therefore aimed to use
midbrain organoids to investigate the molecular and cellular alterations caused by chronic
opioid exposure in the midbrain region, which is the largest dopamine-producing area in the

brain and heavily involved in the mesolimbic reward system, during neurodevelopment.

Our midbrain region-specific organoids were generated by a guided method using
midbrain patterning molecules. Dual-SMAD inhibition factors, LDN 193189 and SB431542,
and a Wnt pathway activator, CHIR 99021, instructed iPSC differentiation toward floor plate
lineages. Subsequent treatment of a small molecule agonist, purmorphamine, and
recombinant SHH boosted floor plate cells toward ventral mesencephalic lineages. We
compared the gene expression profiles of organoids in multiple independent batches (Figure
S1) that were generated using two different iPSC lines (i.e. FA11 and QR19). No significant

variations were found, suggesting that our guided method could generate reliable and
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consistent midbrain organoids. In addition, our method does not involve embedding the
organoids in matrices (e.g. Matrigel) for high reliability and reproducibility of organoid

generation#'- 68,

These midbrain organoids also exhibited the cytoarchitecture and compositional features
unique to the developing human ventral midbrain region in vivo®2 69, The electrophysiological
properties of the organoids at day 35 indicate that neurons located at the surface of the
organoids are not fully mature, as evidenced by their depolarized resting membrane potential,
slow or absent pacemaking activity, and inability to maintain long action potential trains
compared to mature neurons in an adult human brain*' 7% 71, This is not surprising, however,
as organoids model early stages of human embryonic development, in which fully realized
electrophysiological properties, such as action potentials and spontaneous synaptic
transmission, are not yet observed and ontogenetic changes still occur’. Indeed,
electrophysiological properties of neurons in midbrain organoids can gradually become more
mature’!, and cortical organoids have been shown to parallel the timeline of
neurodevelopment in vivo, using genome-wide analysis of the epigenetic clock and
transcriptomics to demonstrate that organoids reached postnatal stages around day 300 of
culture in vitro®. We believe that midbrain organoids could develop and mature over time to

similarly reflect in vivo neurodevelopment.

Once midbrain organoids were established as viable models to investigate midbrain
neurodevelopment, fentanyl, a potent synthetic opioid, was used to treat the organoids. Acute
fentanyl treatment (74 nM for 4 hours), increased opioid receptor expression and dopamine
release, but did not have time to elicit significant changes in gene profiles related to cell
lineage development and neuron projection. Chronic fentanyl treatment (74 nM for 55-77
days), however, did affect the cell fate of iPSCs. Leveraging single-cell transcriptome profiling

to identify molecular responses at the cellular level, we showed that chronic fentanyl
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exposure impaired the neurodevelopment of the midbrain organoids, as demonstrated by an
increased neuroprogenitor pool and delayed neuronal differentiation and maturation. This
neurodevelopmental dysregulation can possibly lead to disrupted brain regionalization and
poor cognitive function. Moreover, a series of genes and pathways related to neural

development showed significantly altered regulation in long-term fentanyl-treated organoids.

Our findings are consistent with the clinical observation of impaired neurodevelopment in
neonates with in utero chronic opioid exposure. The delayed neurodevelopment might be
associated with clinical observations including delays in psychomotor development, lower 1Q
scores, and higher total behavioral problem scores in the childhood'® 29, In addition, neonates
often suffer from unusual withdrawal symptoms including high-pitched crying, poor feeding,
exaggerated Moro reflex, irritability, and trouble sleeping’s. These symptoms, caused by
neonatal abstinence syndrome (NAS), are exacerbated by a sudden discontinuation of
opioids upon birth. Although our results indicate that synaptic activity was decreased to a
basal state and neurodevelopment resumes in transcriptomes at fentanyl withdrawal, NAS
symptoms persist by affecting both the central and autonomic nervous systems, as well as
the gastrointestinal system’*. These findings can hopefully lead to future, viable therapeutics

for both in utero chronic opioid exposure and NAS.

Limitations of Study

Challenges remain in uncovering native brain functionality and correlating organoid-based
findings to clinical readouts. Primarily, brain organoids still lack the full cellular maturation,
heterogeneity, architecture, vasculature, and microenvironmental niche seen in the actual
human brain.#4 75 76 This limits the extent to which organoids can be a fully realistic model

and demands that organoids undergo further characterization to better understand these
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limitations. Recent advances in spatial multi-omics, along with high-throughput transcriptomic
and proteomic profiling, offer great opportunities to characterize the developmental and
functional dynamics of brain neurogenesis and synaptogenesis in organoids.”””® Future

studies could also validate these models through human studies or animal models.

Another challenge is the scope of region-specific organoids. Neuropsychiatric disorders,
including substance abuse, affect several brain regions and implicate complex neural
circuits.8%-82 Midbrain organoids, although providing valuable information regarding the effects
on the midbrain, lack the functional neural circuits found in the native central nervous system
(CNS) and can inherently only tell part of the story. Until further advancements in brain
organoid development, systematic studies using several different region-specific organoids

are important to fill out the picture.

Afinal challenge is that brain organoids can only reveal the effects of a single drug abuse
and identify those potential biomarkers and therapeutic targets. In the event of polydrug
abuse, these models are unable to match between specific downstream effects and their drug
of origin. Multiples studies must be done in parallel, each investigating an individual drug

abuse, to appreciably gain a mechanistic understanding of each drug.

Overall, long-term exogenous opioid treatment elicits massive transcriptomic profile
changes in neurodevelopment and neuronal communication. Future studies in correlating the
clinical readouts with transcriptomic markers would establish comprehensive evaluation of

drug abuse outcomes and offer opportunities in therapeutic targets.

Conclusion

In midbrain organoids, a short fentanyl treatment induced an increase in dopamine

release without significant changes in the gene expressions of cell lineage development. In
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contrast, chronic fentanyl exposure impaired cell subtype specification and altered synaptic
activities in neurons, indicating arrested neurodevelopment. Upon fentanyl withdrawal, the
neurodevelopment resumed to normal at the transcriptomic level. Overall, our study
dissected the molecular landscape of opioid responses in neural and non-neural cells and
unveiled the affected pathways that may inform strategies to boost treatments in substance

abuse and neonatal abstinence syndrome.

Methods
Culture of human induced pluripotent stem cells (iPSCs)

The FA11 iPSC line was generously provided by the Columbia Stem Cell Initiative with an
approved IRB. FA11 cells were derived from human dermal fibroblasts of a healthy donor .
The iPSCs were maintained under feeder-free conditions over Matrigel-coated plates in
mTeSR Plus media (Stemcell Technologies). The media was changed daily and the iPSC

cultures were split into 1:6-1:10 every 5 days using ReLeSR (Stemcell Technologies).
Generation of midbrain organoids

iPSCs before passage 30 were used to generate the organoids. To form embryoid bodies
(EBs), iPSCs were dissociated into single cells with accutase (Gibco) treatment and 8,000
cells were plated in each well of non-treated U-bottom 96-well culture plates (Corning) with
mTeSR plus media and 10uM ROCK inhibitor Y27632 (Tocris Bioscience). In brief, to induce
iPSC differentiation toward a floor plate, the EBs were treated with dual-SMAD inhibition
factors, LDN 193189 and SB431542, and a Wnt pathway activator, CHIR990218+ 85 For
efficient midbrain patterning toward a ventral mesencepthalic fate, Sonic Hedgehog (SHH)

signaling was subsequently activated by a small molecule agonist, purmorphamine, in
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combination with recombinant SHH8 (Figure 1A). Detailed product information could be

found in Table S2.

On day 0, we used neuronal induction medium, which composed of 15% Knockout serum
replacement (Gibco), 1% GlutaMax (Gibco), 1% minimum essential media-nonessential
amino acids (MEM-NEAA) (Gibco), and 0.1% p-mercaptoethanol (Gibco) in Knockout
DMEM/F12 (Gibco), supplemented with 100nM LDN193189 (Stemgent) and 10uM
SB431542 (Tocris Bioscience). On day 2, we changed to the neuronal induction media that
was supplemented with LDN193189, SB431542, 100ng/ml SHH (R&D Systems) and 2uM
Purmorphamine (Calbiochem). On day 4, 3uM CHIR99021 (Stemgent) was added to the
medium. From day 6 to day 8, the basal media containing LDN193189 and CHIR99021 was
gradually replaced to a differentiation media containing DMEM/F12: Neurobasal (1:1) (Gibco),
N2 supplement (Gibco), B27 supplement without vitamin A (Gibco), 1% GlutaMAX, 1% MEM-
NEAA, 0.1% B-mercaptoethanol and 1% penicillin-streptomycin (Gibco). On day 9, the
differentiation media was supplemented with CHIR99021, 10ng/ml BDNF (Prospec), 0.2mM
ascorbic acid (Sigma), 20ng/ml GDNF (Prospec), 0.2mM dibutyryl-cAMP (Calbiochem),
1ng/ml TGF-B3 (R&D Systems), and 10uM DAPT (Tocris). From day 11, the organoids were
cultured in the same media without CHIR99021. Media was then changed every 3-4 days.
On day 21, the organoids were transferred into non-treated 24-well plates by using a 200ul
tip with a wide bore opening. The organoid growth was monitored by bright-field microscopy

(Nikon Eclipse) for 55 days, and the diameter was measured using Image J.
Acute and chronic opioid treatment

Day 95-organoids were treated with fentanyl (FTY, Cerilliant, F-002), oxycodone (OXC,
Cerilliant, O-002), and hydrocodone (HDC, Cerilliant, H-003) at a concentration of 4 nM, 7

nM, 19 nm, 37 nM and 74 nM, respectively, for 4 hours (“acute” opioid treatment). The
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cytotoxicity was assessed by CellTiter-Glo® Luminescent Cell Viability Assay (Promega). The
changes in the mRNA expression of opioid receptors and the dopamine release levels caused
by opioid treatment were evaluated by real-time PCR and HPLC analysis, respectively, as
described below. Fentanyl (74 nM in culture media) was also used to treat organoids starting
on day 1 of the neuronal induction (“chronic” opioid treatment). On day 77, to analyze the
effects of opioid withdrawal, media was replaced to fresh media without fentanyl, and the
organoids were incubated for two days prior to single cell RNA sequencing analysis. (Table

S1)
Immunohistochemistry

The organoids were fixed in 4% paraformaldehyde for 1 hour, saved in a 30% sucrose
solution in PBS overnight, and subsequently embedded in O.C.T. compound (Tissue-Tek) for
cryosectioning. Frozen organoids were cryosectioned at a thickness of 20um. We heated the
slides up to 95 °C in a citrate buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) for
antigen retrieval. For immunohistochemistry, the slides of organoid cryosections were
permeabilized with 0.2% TritonX-100 in PBS 20min at room temperature, and then blocked
with 3% Bovine Serum Albumin (BSA, Sigma) with 0.1% Triton X-100 in DPBS for 1 hour at
room temperature. The sections were incubated with primary antibodies overnight at 4 °C
and with secondary antibodies for 1 hour at room temperature (Table S2). All sections were
stained with DAPI (Sigma) for cell nuclei. Images were taken on a confocal microscope (LSM

710, Zeiss).
Real-time qPCR (RT-gPCR)

Gene expression profiles of the organoids during development were evaluated for 35 days
by real-time (RT) PCR. Total RNAs were isolated from organoids using TRIzol® reagent

(Invitrogen) and reverse-transcribed using iScript™ cDNA synthesis kit (Bio-Rad) to produce
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cDNA. Quantitative RT-PCR was performed using PowerUp™ SYBR™ Green Master mix
(ThermoFisher) and QuantStudio™ 3 Real-Time PCR System (Applied Biosystem). AACt
method was applied to normalize expression levels of each gene to that of GAPDH. The

sequences of primers were described in Table S3.
Electrophysiology

Whole-cell patch clamp recordings were taken from organoids as previously described®’-8°.
Day 35 organoids were attached to Matrigel-coated cover glasses overnight. Recordings
were performed at 22°C under continuous perfusion (1 mL/min) with a bath solution
containing: 119 mM NaCl, 5mM KCI, 30 mM HEPES, 2 mM MgClz, 2 mM CaClz2 and 10 mM
glucose. The solution was adjusted to 310 mOsm with sucrose and to pH 7.3 with KOH.
Borosilicate glass pipettes with a tip resistance of 3—4 MQ (G150F-4, Warner Instruments)
were pulled on a P-97 Flaming-Brown micropipette puller (Sutter Instruments) and filled with

an internal solution containing: 130 mM K-gluconate, 10 mM KCI, 2 mM Mg-ATP, 0.2 mM Li-

GTP, 0.6 mM CaClz, 5 mM MgClz, 0.6 mM ethylene glycol-bis(2-aminoethylether)- N,N,N,N'-

tetraacetic acid (EGTA), and 5 mM HEPES titrated to a pH of 7.1 and an osmolality of 310.
Neurons were visualized under a 40X water immersion objective by DIC optics (Olympus).
Recordings were performed with an Axopatch 700B amplifier (Molecular Devices) and
digitized at 10 kHz with an ITC-18 (HEKA Instruments). Data analysis was performed using
Clampfit 10 software (Molecular Devices, Sunnyvale, CA) and Matlab 8.0 (MathWorks, Natick,
MA). In each neuron, input resistance, resting membrane potential, and spontaneous firing
frequencies were monitored throughout the recording, and only cells with neuronal
morphology and a stable baseline activity that continued for >5 minutes were counted as
tonically active. In order to determine the identity of recorded neurons, neurons were labeled

with biocytin (Sigma-Aldrich) added to the patch pipette saline for >10 minutes, fixed in 4%
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PFA for 1 hour and immunostained with anti-TH antibodies.
Calcium imaging

On day 180 of culture, both fentanyl-treated and untreated organoids were used for calcium
imaging. The organoids were incubated with the cell-permeable calcium indicator Fluo-4 AM
(ThermoFisher) for 30 min at 37°C. Time-lapse changes in Ca?* levels in live organoids were
imaged using a fluorescence microscope (Eclipse TS100, Nikon). To see the instant effect of
the fentanyl treatment on the calcium channel, untreated organoids were recorded before
and after the addition of fentanyl (74 nM in culture media). The organoids were imaged every
2 seconds at room temperature. The fluorescence intensity was determined by Image J and

the data were normalized to AF/Fo using the following equation: y = (Fasec — Fosec)/Fosec.
Dopamine release measurement

Intracellular and extracellular dopamine production from the midbrain organoids was
characterized by high-performance liquid chromatography (HPLC). First, three organoids per
condition were transferred to a 96-well plate on Day 55. L-Dopa (100 uM) was added to each
well and incubated for 1-2 hours. For extracellular dopamine measurements, media was
removed and washed with PBS, followed by the immediate addition of Tyrode’s containing
KCI (40 mM). After 20-30 min of incubation, the sample from each well was collected and
mixed with 0.12 M perchloric acid at a 1:1 (v/v) ratio. For intracellular dopamine
measurements, all media was replaced with Tyrode’s containing KCI and organoids were
then dissociated. The lysate was mixed with 0.12 M perchloric acid at a 1:1 (v/v) ratio. After
10-15 min incubation, cell debris was removed by centrifugation at 10,000 g and 4 °C, and

the supernatant was collected for HPLC.

Organoid dopamine levels were then determined by HPLC with electrochemical detection, as

previously described.®® °! In brief, samples were separated on a VeloSep RP-18, 3 uM,
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100x3.2mm column (PerkinElmer, Waltham, MA) with a Gilson 307 HPLC piston pump set to
a flow rate of 0.7 mL/min and a mobile phase containing 45 mM NaH2PO4, 0.2 mM EDTA,
1.4 mM HSA, 5% methanol, and pH 3.2. Dopamine was detected on an ESA Coulochem Il
electrochemical detector at 350 mV oxidation potential. Data was then collected using Igor
software, and dopamine concentration was calculated from areas under the HPLC peaks

using calibration curves.
Single cell RNA sequencing

Five independent samples of midbrain organoids (Table S1) were gently dissociated to single
cells with papain enzymatic dissociation (Worthington Biochemical Corporation). After
filtering cell clumps with a cell strainer (35um mesh), suspended single cells were
encapsulated with barcoded beads in oil droplets by 10X Genomics Chromium technology,
as per the manufacturer’s manual. The resulting single cell 3’-end libraries were sequenced
on lllumina® NovaSeq™ 6000 Sequencing System (2x100bp pair-end) at the Single Cell
Analysis Core of the Columbia Genome Center. 10X genomics' Cellranger pipeline v3.1.0
with human reference transcriptome GRCh38 was used to process the data. Details of

software and algorithms used were in Table S5.
Cell type annotations

The Seurat package (V3.0) in R (V3.6.3) was used to normalize the expression matrix and
identify differentially expressed genes. The Gimnet package (V4.0) was used to assign cell
types based on cells’ likelihood to an annotated human fetal midbrain dataset? 99, First,
we transformed both the experimental and reference datasets’ gene counts separately using

the "sctransform" function in Seurat. Secondly, we used Seurat's CCA integration method to

account for technical differences between both datasets, and co-clustered both datasets in

UMAPS38. Then, we trained a multinomial logistic regression classifier (GImnet R package) on
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the reference's integrated data excluding the "unknown" ("Unk") cell type and predicted the
cell type of both datasets. In non-Unk reference cells, the classifier's accuracy was 99%. To
validate the cell types assigned, we compared the gene signatures of each cell type between
each dataset using highly correlated or anti-correlated genes to predict the cell types in our
samples. Our results showed similar gene patterns compared to the reference dataset.
Overall, we found that the cell type composition of the reference dataset and our own dataset
were similar, with some variations in percentages of progenitor cells, neuroblasts, and
oligodendrocyte progenitor cells (OPCs) (Figure 1F, S2). We grouped the sub-clusters of a
same cell type into one major type. For instance, any cell type with hDA in the name was
mapped to the DA major type. Any cell type with Prog in the name was mapped to the Prog
major type. Any cell type with hNb in the name was mapped to the Nb major type. A detailed
table of cell metadata table was deposited in Gene Expression Omnibus (GEO) under
accession number GSExxxxxx (This number will be available following the acceptance of the

manuscript).
Differential expression analysis

Differentially expressed genes between samples or cell types were identified by using the
‘FindMarkers” function in Seurat. The following parameters were used: min.pct = 0.25,
logfc.threshold = log(2). The top genes in each comparison group were selected with a pre-
filtering step (p_val_adj < 1e-10, pct.1 > 0.1, pct.2 > 0.1, avg_logFC>5 or <-5) to remove low
count and insignificant genes, and then ranked by the absolute value of log fold change.

Heatmap of top differentially expressed genes were shown in Figure S3.
Single sample gene set enrichment analysis (ssGSEA)

We performed ssGSEA to identify the activated pathways in our samples using the pipeline

previously described in identifying subtypes with enriched gene sets%. In brief, normalized
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gene expression matrix (generated by Seurat sctransform function) and gene sets of interest
(from GSEA Molecular Signatures Database v7.2 and Gene Ontology Database) were used
as inputs. Enrichment scores of a certain gene set were calculated for both the experimental
dataset and a random permutated dataset of 1000 cells. P-values of each gene set were
computed by comparing our dataset to the permutated dataset for each single cell. We then
plotted out the —log1o(p-values) showing the enriched gene sets grouped by cell type or

treatment using the ComplexHeatmap R package (V2.5.6)%. (Figure 4l, 5C)
Construction of the lineage trajectory

We used Monocle3 (V0.2.0) and scVelo (V0.2.1) to identify the cell fate decision genes and
pseudotime from expression matrix®’. Monocle3 first projected cells onto a low-dimensional
space using UMAP®8, then grouped similar cells using the Louvain community detection
algorithm, and constructed trajectories based on divergence or convergence of cells types
(Figure 3 F-G). For RNA velocity, we first created a loom file of spliced and unspliced mRNAs
from annotated sequencing bam file using Velocyto package (V0.17.16) in Python (V3.6)%.
Then we performed calculations of cell dynamics using scVelo package (V0.2.1) in Python
(V3.6)*8 (Figure 3 H-K, Figure 5 B). The scVelo algorithm is based on RNA velocity, requiring
minimal prior knowledge about the sample molecular signatures. It solves the full
transcriptional dynamics and has been effectively tested in dissecting kinetics in

neurogenesis.
Identification of gene regulatory network

The Scenic package (V1.2.2) in R(V3.6.3) was used with default settings to identify key cell
fate decision transcription networks.% In brief, sets of genes that were co-expressed with
transcription factors were identified using the GENIE3 module. We kept the top five

transcription factors for each target gene. Then, the RcisTarget module sought out the
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enriched cis-regulatory motifs of candidate transcription factors and predicted the candidate
target genes. Lastly, we used the AUCell algorithm in the SCENIC package to score the
activity of each regulon in each cell. We grouped the scores by cell types and plotted their
RegulonAUC values in the heatmaps to show the regulon activities of master regulators
(Figure 4A-B, 5A, Figure S5). This method is robust against normalization methods and cell
dropouts, as we got consistent results after testing multiple runs of the same datasets under

different normalization pipelines.

Sequencing Data Availability

The single-cell RNA sequencing data will be deposited in the Gene Expression Omnibus

(GEO) following the acceptance of the manuscript.

Supplemental Materials

Supplemental information includes 15 supplementary figures, 5 supplementary tables, 1

video, and supplemental text.
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Figure 1. Generation and characterization of midbrain-like organoids.

(A) Timeline of the midbrain-like organoid development.

(B) Morphological changes and (C) growth (n=20 organoids, three individual experiments) of organoids over
time (scale bars: 500 um for day 1 - day 21, 200 um for the inset).

(D) Cytoarchitecture of the organoids examined at day 21 (scale bar, 200 um).

(E) Dopamine content in Day 35 organoids before and after 1h treatment with 100 uM L-DOPA (n=3 organoids).
(F) Cell type identification and (G) compositions of all samples (Day 53 and Day 77 organoids).

(H-K) Electrophysiological properties of neurons in Day 35 organoids.

(H) Recorded cells were labeled with biotin dye (red) added to the patch pipette. After fixation, organoids were
immunostained for TH (green). All recorded neurons (n=21) were confirmed to be TH+ (scale bar, 100um).

(I) Representative whole-cell recording from spontaneously active DA neuron.

(J) Evoked action potentials following step current injections of +10pA (black), +30pA (red), and +50pA (blue).
(K) Average resting membrane potential of DA neurons in organoids.
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Figure 2. Cellular responses to acute opioid exposure for 4 hours.

-log2 (Fold change)

(A) Gene expressions of opioid receptors including mu (OPRM1), kappa (ORPK1), and delta (OPRD1) for 90
days of culture (n=5-7 organoids from 3 independent experiments).
(B) ICC staining of opioid receptors of Day 35 organoids.

(C-J) Results of 4-hour treatment of opioids (FTY; fentanyl, OXC; oxycodone, HDC; hydrocodone) in midbrain-

like organoids at day 90.

(C) Alterations in gene expression level of opioid receptors (n=3 organoids) and (D) dopamine synthesis and
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release in response to 4-hour opioids treatment (n=3 organoids). Statistical analysis was determined by One-
way AVOVA as compared to untreated control (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).

(E and F) Calcium imaging using Fluo4-AM of Day 180 organoids showing decreased frequency of calcium
transients after fentanyl treatment (Movie S1). Statistical analysis of frequency and amplitudes was determined
by t-test (*p<0.05, **p<0.01, and ****p<0.0001). Frequencies of all cells were significantly decreased after the
FTY treatment (***p<0.001).

(G) Summarized changes in the expression of opioid receptors (OPRK1, OPRL1, OPRM1, OGFR), sec
ond messenger effects of Ca2+(CAMK2A), neurotransmitter transporters (SLC1A6, SLC6A1, SLC6A4), a
nd synaptic plasticity (SNCG, SV2A). Each dot color and size represent relative gene expression level
and proportion of expressing cells, correspondingly.

(H-J) Volcano plots of gene expression changes in three cell types after fentanyl treatment. Blue: UT,
Purple: FTY.
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Figure 3. Chronic Fentanyl Treatment Altered Cell Heterogeneity in the Developing Human Midbrain
Organoids.

(A) Timeline of specimens showing organoid size and morphology (scale bar, 500 um). Profiles of organoid
growth (n=20 organoids, three individual experiments).

(B) Spatial characterization of the midbrain patterning gene (OTX2) and function gene (TH) in Day 21 midbrain
organoids (scale bar, 250 um).

(C) Fold changes of target genes of roof/floor plate (FOXA2, LMX1A), dopaminergic neurons (TH, OTX2),
mature neurons (MAP2), and opioid receptors (OPRM1, OPRK1, OPRD1) (n=5-7 organoids per group/batch,
three individual experiments) (t-test, *p<0.05 and **p<0.01).

(D) Bar chart depicting the percentage of cells in untreated or fentanyl-treated midbrain organoids at Day 77.
(E) Hypothesized hierarchy of neural cell development. Fentanyl affected cell fate transition in progenitors and
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neuroblasts.

(F) Single cell lineage trajectory as plotted by similarity-based analysis (Monocle3 algorithm).

(G) Trend of mature neuron markers (DLG4, MAP2) and stem cell markers (SOX2, VIM) of single cells in
pseudotime (Monocle3 algorithm).

(H) Predicted cell fate transition by RNA velocity (scVelo algorithm).

(I) Predicted pseudotime state of single cells by RNA velocity.

(J-K) Phase portrait showing the levels of unspliced and spliced mRNA in untreated or fentanyl treated organoids.
Above or below the purple dashed line indicates increasing or decreasing expression of a gene.
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Figure 4. Chronic fentanyl exposure alters regulon networks and synaptic activity.

(A) Identified master regulators in each cell type based on regulon analysis (SCENIC algorithm). The number
of predicted target genes was given for each transcription factor in the bracket.

(B-G) Activity score of each regulon network and its binarized activity mapped in UMAP. The blue vertical line
in the AUC histogram yielded the cutoff for the “ON” or “OFF” state of that regulon network. Both samples
(D77_UT and D77_FTY) showed high activity of the MAX regulon. Untreated sample (D77_UT) showed a higher
percentage of cells with “ON” states of SOX2, BARHL2, and OTP, while fentanyl-treated sample (D77_FTY)
had higher activities of early neurodevelopmental transcription, such as TCF4 and NFIX.

(H) The dotplot showed the individual gene expression level and percentage of expressing cells in the neurons
of all five samples. A higher percentage of cells in D77_FTY and D53 _AC_FTY were expressing genes related
to ion transport (KCNG2), synaptic plasticity (CAMK2A, LIN7A, GIT1, CPLX3), and neurotransmitter release
(SLC1A6, SLC6A1, SLCBA3, SLC6A4) as compared to untreated samples.

(I) Single sample gene set enrichment analysis (ssGSEA) showed altered pathways relating to neuron projection
(yellow), synapse assembly and signal transduction (blue), and neurotransmitter dynamics (purple) in fentanyl-
treated samples (left heatmap) and untreated samples (right heatmap).
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Figure 5. Neural development resumes in transcriptomes when fentanyl is withdrawn.

(A) Key master regulators identified in withdrawal sample (D79_WD) versus untreated sample (D77_UT)
(SCENIC algorithm).

(B) RNA velocities were visualized as streamlines in a UMAP-based embedding for all five samples.
Spliced/unspliced mRNA dynamics disentangled cell lineage commitment at the single cell level.

(C) The violin plots show the gene expression level and percentage of expressing cells in D77_UT and D79_WD
samples.

(D) Single sample gene set enrichment analysis (ssGSEA) showed pathways relating to neuron projection
(yellow), synapse assembly and signal transduction (blue), and neurotransmitter dynamics (purple) restore
basal states in fentanyl withdrawal samples. The pattern was more similar to untreated samples (D77_UT, right
heatmap of Fig. 41) than fentanyl-treated samples (D77_FTY).
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Table S1. Samples for single cell RNA sequencing

Sample ID KHO001 KH002 KH003 KHO004 KHO005

Days in 53 53 77 77 77+ 2

Culture

FTY treatment | untreated acute untreated chronic chronic

(4Hr) (77 days) (77 days)

withdrawal
(2 days)

Sample name | D53_UT D53 _AC_FTY D77_UT D77_FTY D79 _WD

Cells 5131 5,499 5,252 4,781 4,847

sequenced by

10X

chromium

Mean reads 79,997 74,256 72,722 73,999 77,290

per cell

Median genes | 3,963 3,735 4,342 3,603 4,684

per cell

Median UMI 11,995 10,733 12,987 13,811 14,570

counts per

Cell

Total genes 25,960 25,772 25,316 24,780 25,090

Total reads 410,469,533 | 408,334,504 381,936,982 [ 353,790,983 | 374,623,346
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Table S2. Chemicals and materials.

Name Vendor Catalog Number
mTeSR Plus Basal Medium Stemcell 1000276
Technologies
ReLeSR Stemcell 05873
Technologies
StemPro™ Accutase™ Cell Dissociation Gibco A1110501
Reagent
Y-27632 dihydrochloride (ROCK Inhibitor) Tocris Bioscience | 1254
Matrigel GFR Membrane Matrix Corning 354230
KnockOut™ DMEM/F-12 Medium Gibco 12660012
KnockOut™ Serum Replacement (KOSR) Gibco 10828028
Glutamax™ Supplement Gibco 35050061
Minimum essential media-nonessential Gibco 11140050
amino acids solution (MEM-NEAA)
2-mercaptoethanol Gibco 21985023
Neurobasal™ Medium Gibco 21103049
N-2 Supplement (100X) Gibco 17502048
B-27™ Supplement (50X), minus Vitamin A | Gibco 12587010
LDN193189 Stemgent 040074
SB431542 Tocris 1614
Recombinant Mouse Sonic Hedgehog / R&D Systems 464-SH
Shh (C25I1) N-Terminus
Purmorphamine Calbiochem 540220
CHIR99021 Stemgent 040004
BDNF Human ProSpec CYT-207
Ascorbic acid Sigma A-4034
GDNF ProSpec CYT-305
dibutyryl-cAMP Calbiochem 28745
TGF-b3 R&D Systems 243-B3
DAPT Tocris 2634
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Table S3. Antibodies.

Antibody Host species Company Cat. No. Dilution
FOXAZ2 Rabbit Invitrogen 720061 1:150
OoTX2 Goat Invitrogen PA5-39887 1:100
TH Rabbit PelFreez P40101-0 1:1000
GABA Rabbit Sigma A2502 1:1000
MAP2 Chicken Abcam AB5392 1:2000
OPRM1 Rabbit Sigma-Aldrich AB5511 1:200
OPRK1 Mouse Santa Cruz SC-374479 1:50
OPRD1 Rabbit Sigma-Aldrich AB1560 1:100
Anti-Mouse-488 Donkey Invitrogen A-21202 1:500
Anti-Mouse-546 Goat Invitrogen A-11030 1:500
Anti-Mouse-647 Goat Invitrogen A32728 1:500
Anti-Rabbit-488 Goat Invitrogen A-11034 1:500
Anti-Rabbit-647 Donkey Invitrogen A-31573 1:500
Anti-Goat-568 Donkey Invitrogen A-11057 1:500
Anti-Goat-647 Donkey Invitrogen A-32849 1:500
Anti-Sheep-594 Donkey Invitrogen A-11016 1:500
Anti-Chicken-488 Goat Invitrogen A32931 1:500

Anti-Chicken-594 Goat Invitrogen A32759 1:500
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Table S4. Primer sequences for real-time RT-PCR.

Gene Sequence (‘5-3’)
OCT4 Forward GTGGAGGAAGCTGACAACAA
Reverse ATTCTCCAGGTTGCCTCTCA
NANOG Forward AAGGTCCCGGTCAAGAAACAG
Reverse CTTCTGCGTCACACCATTGC
TUJ Forward GGCCAAGGGTCACTACACG
Reverse GCAGTCGCAGTTTTCACACTC
MAP2 Forward TTGGTGCCGAGTGAGAAGAA
Reverse GGTCTGGCAGTGGTTGGTTAA
FOXA2 Forward GGAGCAGCTACTATGCAGAGC
Reverse CGTGTTCATGCCGTTCATCC
LMX1A Forward ACGTCCGAGAACCATCTTGAC
Reverse CACCACCGTTTGTCTGAGC
™ Forward GGGCTGTGTAAGCAGAACG
Reverse AAGGCCCGAATCTCAGGCT
OXT2 Forward CATGCAGAGGTCCTATCCCAT
Reverse AAGCTGGGGACTGATTGAGAT
DAT Forward TTTCTCCTGTCCGTCATTGGC
Reverse AGCCCACACCTTTCAGTATGG
PITX3 Forward CCTACGAGGAGGTGTACCCC
Reverse CCCACGTTGACCGAGTTGA
PAX6 Forward TCCACCCGGCAGAAGATTGTA
Reverse TGTCTCGGATTTCCCAAGCAA
TBR2 Forward CACCGCCACCAAACTGAGAT
Reverse CGAACACATTGTAGTGGGCAG
GBX2 Forward AAAGAGGGCTCGCTGCTC
Reverse ATC GCT CTC CAG CGA GAA
OPRM1 Forward TACCGTGTGCTATGGACTGAT
Reverse ATGATGACGTAAATGTGAATG
OPRK1 Forward CGTCTGCTACACCCTGATGATC
Reverse CTCTCGGGAGCCAGAAAGG
OPRD1 Forward GCGGGAAAGCCAGTGACTC

Reverse TGCCCTGTTTAAGGACTCAGTTG
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Table S5. Software and algorithms.

Name Reference Source

Prism (v8.0)
JMP (v13.0)
STAR (v2.5.2b)

Cell Ranger (v3.1.0)

R (v3.6.3)
Python (v3.6)
Seurat (v3.1.1)
Glmnet (v3.0.3)
Monocle (v3.0)

Velocyto (v0.17.16)
scVelo (v0.2.1)
SCENIC (v1.2.2)
ssGSEA

ComplexHeatmap (v2.5.6)

Ingenuity Pathway Analysis

GraphPad Software
SAS Institute
Dobin et al., 2013100

10X Genomics

The R Foundation

Python Software Foundation
Satija et al., 201501
Friedman et al., 2010%
Trapnell et al., 2014102

Qiu et al., 2017103

La Manno et al., 2018%
Bergen et al., 202048

Aibar et al., 20179

Wang et al., 2017%

Gu et al., 2016

Qiagen Bioinformatics

N/A
N/A

https://github.com/alexdobin/ST
AR

https://support.10xgenomics.co
m/single-cell-gene-
expression/software/overview/w
elcome

https://www.r-project.org
https://www.python.org/
http://satijalab.org/seurat/
https://gimnet.stanford.edu/
http://cole-trapnell-
lab.github.io/monocle-release/
http://velocyto.org/
https://scvelo.readthedocs.io/
https://aertslab.org/#scenic

https://doi.org/10.1016/j.ccell.20
17.06.003

https://jokergoo.github.io/Compl
exHeatmap-reference/book/

https://www.qiagenbioinformatic
s.com/products/ingenuity-
pathway-analysis/


https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://www.r-project.org/
http://satijalab.org/seurat/
http://cole-trapnell-lab.github.io/monocle-release/
http://cole-trapnell-lab.github.io/monocle-release/
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
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