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CYP3A5 Mediates Effects of Cocaine on Human
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Because of unavoidable confounding variables in the direct study of human subjects, it has been difficult to unravel the effects of prenatal
cocaine exposure on the human fetal brain, as well as the cellular and biochemical mechanisms involved. Here, we propose a novel
approach using a human pluripotent stem cell (hPSC)-based 3D neocortical organoid model. This model retains essential features of
human neocortical development by encompassing a single self-organized neocortical structure, without including an animal-derived
gelatinous matrix. We reported previously that prenatal cocaine exposure to rats during the most active period of neural progenitor
proliferation induces cytoarchitectural changes in the embryonic neocortex. We also identified a role of CYP450 and consequent oxidative
ER stress signaling in these effects. However, because of differences between humans and rodents in neocorticogenesis and brain CYP
metabolism, translation of the research findings from the rodent model to human brain development is uncertain. Using hPSC 3D
neocortical organoids, we demonstrate that the effects of cocaine are mediated through CYP3A5-induced generation of reactive oxygen
species, inhibition of neocortical progenitor cell proliferation, induction of premature neuronal differentiation, and interruption of neural
tissue development. Furthermore, knockdown of CYP3AS reversed these cocaine-induced pathological phenotypes, suggesting CYP3A5
as a therapeutic target to mitigate the deleterious neurodevelopmental effects of prenatal cocaine exposure in humans. Moreover, 3D
organoid methodology provides an innovative platform for identifying adverse effects of abused psychostimulants and pharmaceutical

agents, and can be adapted for use in neurodevelopmental disorders with genetic etiologies.
Neuropsychopharmacology (2017) 42, 774—784; doi:10.1038/npp.2016.156; published online 21 September 2016

INTRODUCTION

It has been suggested that prenatal cocaine exposure impairs
neurobehavioral development through disruption of frontal
cortical development (Rando et al, 2013; Singer et al, 2002;
Bandstra et al, 2004). However, elucidation of these effects in
human subjects is fraught with difficulties related to
numerous uncontrolled variables such as multidrug use,
nutrient intake, and environmental factors (Bandstra et al,
2011; Singer et al, 2008). These potential confounds have
made it challenging to define the adverse effects of prenatal
cocaine exposure on human brain development, or to
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explore the mechanisms involved. Experiments in nonhu-
man primates reveal that prenatal cocaine exposure during
the second trimester causes multiple neocortical cytoarchi-
tectural abnormalities, including neuronal displacement in
the cerebral wall, decreased numbers of cortical neurons,
and decreased neocortical volume (Lidow et al, 2001; Lidow
and Song, 2001). We previously demonstrated in rats that
prenatal cocaine exposure during the most active period of
neural progenitor proliferation induces cytoarchitectural
changes in the embryonic neocortex (Lee et al, 2011). These
cytoarchitectural changes are initiated by N-oxidative
metabolism of cocaine and consequent oxidative ER stress
signaling (Lee et al, 2008). However, because of significant
differences between humans and rodents in neocorticogen-
esis (Rakic, 2009; Hill and Walsh, 2005) and CYP-mediated
drug metabolism (Martignoni et al, 2006), it has been
difficult to translate findings from the rodent model directly
to human brain development.

The specific CYP450 enzymes responsible for the oxidative
metabolism of cocaine vary between species, such as CYP2A,
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2B and 3A in mice, or CYP2B and 3A in rats. In humans,
only the CYP3A family metabolizes cocaine (Valente et al,
2012). There are four isoforms of human CYP3A: CYP 3A4,
3A5, 3A7, and 3A43. CYP3A4, the predominant isoform of
CYP3A, and CYP3A5 are primarily expressed in the adult
liver and small intestine. Nevertheless, CYP3A4 and CYP3A5
proteins and mRNA have been identified in the adult human
brain, and their potential role in the metabolism of endo-
and xenobiotics in the brain have been emphasized (Booth
Depaz et al, 2013; McFadyen et al, 1998). CYP3A7, primarily
seen in the fetal liver, is sometimes expressed in the mature
liver in small amounts. Finally, CYP3A43 is expressed in
small amounts in the liver, but is expressed at higher levels in
the brain. Because of low levels of expression in the liver,
CYP3A43 has not been thought to play a critical role in drug
metabolism; however, CYP3A43 may play a role in the
metabolism of drugs in the human brain (Agarwal et al,
2008).

We recently described a two-dimensional (2D) in vitro
model of human neocortical development using human
pluripotent stem cells (hPSCs), and used this model to
examine the effects of cocaine during neocorticogenesis
(Kindberg et al, 2014). This 2D cell culture model does not,
however, recapitulate in vivo cortical layer formation and
cytoarchitectural organization, limiting its use for the
understanding of cocaine-induced changes of brain mor-
phogenesis, cellular function, and gene expression. Several
three-dimensional (3D) in vitro models of the brain that
could bridge the gap between 2D models and the normal
brain in situ have been reported. Among these, a 3D cerebral
organoid in vitro model system enables mechanistic studies
of neocorticogenesis (Lancaster et al, 2013), perhaps provid-
ing a new model for drug discovery. However, the use of
Matrigel embedding introduces undefined animal factors,
and interferes with penetration of drugs and other com-
pounds into the organoids. Therefore, this method would not
be suitable for some pharmacological applications. Another
3D culture system of human cortical spheroids (hCSs) allows
for examination of human cortical development, without
embedding into a gelatinous scaffold (Pasca et al, 2015). This
3D cell culture model, however, employs multiple, and
varying, numbers of ventricular zone (VZ)-like regions
within each hCS that can result in difficulties in reprodu-
cibility and quantification of the cytoarchitecture.

Here we describe an hPSC-based 3D neocortical organoid
model that develops as a single self-organized structure,
using defined patterning molecules and neocortical trophic
factors without extracellular scaffolding. We determined that
the size of hPSC-derived neuroepithelial (NE) rosettes, which
are manually dissected for use in subsequent neocortical
organoid differentiation, is critical for achieving sufficient
neocortical organoid development, with small rosettes being
unable to successfully differentiate. This 3D neocortical
organoid model retains essential features of human neocor-
tical development, including a proliferative neuroepithelium
during the earlier development stage, neurogenesis, neuronal
migration, and later enlargement of the neocortical area. We
employed these 3D cultures to model cocaine-induced
alterations in organization and patterning of neocortical
development, and to determine the role of CYP3A5 in these
alterations.
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MATERIALS AND METHODS
hPSC Culture

The hESC lines H1 (P46-50), H9 (P49-61), and H14 (P52-
60), provided by WiCell Research Institute, CT2 (P91-98),
provided by University of Connecticut Stem Cell Core, and
hiPSC lines NIH-i5 (P33-35) and NIH-i7 (P34-38), provided
by NIH Stem Cell Unit, were employed for the 3D
neocortical organoid differentiation protocol. NIH-i5 and
i7 were derived by retroviral transduction of individual
human fibroblasts from two different donors (Mallon et al,
2013). No interbatch differences in the hPSC-derived
neocortical organoids were observed. The hPSCs were
propagated in feeder-dependent culture using irradiated
mouse embryonic fibroblasts (Global Stem) (Lee et al, 2015a,
b). For more details, see the Supplementary Materials and
Methods.

3D Neocortical Organoid Differentiation

The hPSCs were differentiated to neocortical organoids as
shown schematically in Figure la. Undifferentiated hPSC
colonies were picked up from feeder-dependent culture using
1 mg/ml Collagenase Type IV for 30min. The hPSC
aggregates were preserved, allowing embryoid body (EB)
formation (day 0). EBs were grown, floating, in hPSC
medium (see the Supplementary Materials and Methods)
without bFGF but including 10 uM SB431542 (Tocris),
0.1 pM LDN193189 (Stemgent), and 1 pM PD0325901 (Axon
Medchem) for 4 days. The EBs were then transferred to
neural media containing DMEM/F-12 (2:1) with N2
supplement, 0.1 mM non-essential amino acids, and 2 pg/
ml heparin, supplemented with 20 ng/ml bFGF from days 4
to 6. Colonies were then grown in adherent culture, on
laminin-coated plates, in the same media from days 6 to 16.
On day 16, dorsal cortical rosettes ranging from 250 to
500 pm in diameter (~50 000 to 200 000 pm2) were isolated
by manual dissection and primed in suspended culture with
20 ng/ml bFGF and 20 ng/ml FGF18 for 8 days before being
switched to neuronal differentiation media, containing
neurobasal medium, B27 supplement, 0.1 mM non-essential
amino acids, 0.5 mM L-glutamine, and 2 pug/ml heparin for
6 weeks in suspension conditions to generate self-organized
neocortical organoids.

Immunocytochemistry, Cell Counting, and TUJ1"
Neocortical Area Analysis

Adherent cells were fixed with 4% paraformaldehyde for
10 min and washed with PBS. Neocortical organoids were
embedded in collagen gel, immersed in 4% paraformalde-
hyde for 20 min, and cryoprotected in 20% sucrose in PBS
for 20 min.

Cryostat sections (10pm) were thaw-mounted onto
gelatin-subbed slides. For both cells and tissue sections,
0.2% Triton X-100 in PBS containing 5% BSA and 10% goat
serum was used as a blocking reagent. Cells were then
incubated with primary antibodies (Supplementary Table S1)
in PBS containing 0.2% Triton X-100, 5% BSA, and 5% goat
serum. Fluorescent-labeled secondary antibodies Alexa-Fluor
488 (green) or Alexa-Fluor 555 (red; R&D Systems)
appropriate for each respective primary antibody were used.
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Combined dual SMAD and FGF inhibition induces efficient neocortical neuroectodermal conversion of hPSCs. (a) Schematic representation of

the human neocortical organoid differentiation procedure. hPSC: human pluripotent stem cells; EB: embryoid bodies; DFCP: dorsal forebrain cortical
progenitors; SB: SB431542 (10 pM); LDN: LDN193189 (0.1 uM); PD: PD0325901 (I uM). (b) Time-course analysis of gene expression for pluripotency, early
germ layer, and neural markers; n= 3. (c) Phase-contrast images of NE rosettes derived from hPSCs at day |6. Scale bar, 100 pm. (d) Distribution of sizes of
rosettes at day |6; n=128 for control, 142 for SB+LDN, and |76 for SB+LDN+PD, from three independent experiments. Red line indicates mean.
(e) Analysis of percentages of colonies containing rosettes at day 16; n=9 independent experiments; total counted colonies: 506 for control, 573 for SB
+LDN, and 490 for SB+LDN+PD. One-way ANOVA followed by Tukey's compromise post hoc test; **P<0.0l and ***P<0.001. (f) Neocortical NE
generated from hPSCs. Expression of Nestin/HOXB4, BF [/PAX6, and EMX|/ NKX2.1 by immunocytochemistry at day |6. Scale bar, 50 um. Data are shown

as means + SEM in (b) and (e). Cell line: H9.

A Carl Zeiss Axiovert 200M microscope was used to capture
the images. Cell death in the neocortical organoids was
determined using the TUNEL In Situ Cell Death Detection
Kit, Fluorescein (Roche) according to the manufacturer’s
instructions. For immunostaining of glutamate, VGLUT],
VGLUT2, GABA, and VGAT (Figure 2m-q), neocortical
organoids were gently mechanically disrupted by pipetting
and were then seeded onto poly-ornithine/lamanin-coated
plates overnight before staining. For quantification of BrdU-
labeled PAX6" cellular percentages and percentages of BrdU™
cells expressing TU]J1, cells in three randomly selected fields
each containing 50 to 150 cells were counted for 5 to 7
independent neocortical organoid samples. For TUJ1"
neocortical area analysis, organoids were cultured in
individual wells of 96-well plates at day 24. TUJ1" neocortical
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areas were calculated by normalization of TUJ1" areas in the
neocortical organoids at day 66 (using only sections from the
center of each organoid) to overall organoid size at day 24
using NIH Image]. For quantification of percentages of
TUJ1" cells expressing glutamate or GABA and GFAP" cells,
neocortical organoids were dissociated into single cells using
acutase before being reseeded onto poly-ornithine/lamanin-
coated plates for quantification. Cells in three randomly
selected fields each containing 53 to 143 cells were counted
for five independent cultures.

Statistical Analysis

Statistical analyses were performed with GraphPad InStat.
Data are shown as means + SEM. Testing for normality was



performed using the Kolmogorov-Smirnov test. For two-
group comparisons, unpaired two-tailed Student’s t-tests
were used for normally distributed data. For multiple
comparisons, normally distributed data were analyzed by
one-way ANOVA followed by Tukey’s compromise post hoc
test. Statistical significance of data with nonnormal distribu-
tion was analyzed using Mann-Whitney U-tests for two
groups, or for more than two groups Dunn’s multiple
comparisons test was used. The criterion for statistical
significance was P<0.05.

RESULTS

Generation of Appropriate Size of Dorsopallial NE
Rosettes for Neocortical Organoid Development from
hPSCs by Combined Dual SMAD and FGF Inhibition

Inhibition of dual SMAD signaling has been shown to
dramatically enhance neural conversion of hPSCs
(Chambers et al, 2009). In addition, FGF signaling at an
early stage of hPSC differentiation has been shown to block
neural differentiation (Greber et al, 2011). Here we tested
whether combined blockade of both dual SMAD signaling,
using LDN193189 and SB431542, and FGF signaling, using
PD0325901, during EB formation, at the beginning of
differentiation (days 0-4), would achieve efficient neuroec-
toderm conversion from EBs, and generate NE rosettes of
appropriate size for neocortical organoid differentiation
(Figure la). We found that combined treatment with dual
SMAD and FGF inhibitors accelerated the loss of pluripo-
tency, indicated by rapid downregulation of NANOG and
OCT4, and increased the efficacy of neuroectodermal
differentiation indicated by upregulation of Nestin
(Figure 1b). In addition, blocking both dual SMAD and
FGF signaling suppressed mesodermal and endodermal
marker expression, as indicated by downregulation of T
and SOX17, but this effect was replicated by dual SMAD
blockade alone (Figure 1b).

The effect of combined dual SMAD and FGF inhibition on
departure from self-renewal is presumably related to
destabilization of the TGFp/activin and FGF-regulated
NANOG and OCT4 transcription network (Chambers
et al, 2009; Greber et al, 2011). Because mesodermal and
endodermal lineages are suppressed by dual SMAD inhibi-
tion (Figure 1b), suppression of TGFp/activin and FGEF-
regulated pluripotency enhances differentiation of hPSCs
toward the neuroectodermal lineage (Figure 1b). It has been
suggested that FGF/ERK inactivation increases expression of
OTX2, an anterior telencephalic transcription factor, in
hPSCs (Greber et al, 2011). Here, we also demonstrated that
inhibition of dual SMAD and FGF signaling rapidly induced
expression of OTX2 before the expression of the dorsal
forebrain marker PAX6 (Figure 1b). Moreover, PAX6
induction started at day 3, when NANOG and OCT4 were
almost maximally downregulated (Figure 1b). These results
coincide with previous findings that OTX2 acts as a positive
regulator of PAX6, whereas NANOG and OCT4 act as
negative regulators (Greber et al, 2011). In addition, blockade
of dual SMAD and FGF signaling did not change expression
of alternative brain region markers, such as the hindbrain/
spinal cord marker HOXB4, ventral telencephalic marker
NKX2.1, and midbrain marker LMXIA (Supplementary
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Figure Sla). Taken together, these data indicate that
LDN193189, SB431542, and PD0325901 work synergistically
to achieve efficient neocortical neuroectodermal conversion
of hPSCs.

The neocortical trophic factor, bFGF, known to play a role
in establishing the dorsal NE of the anterior neocortex
(Raballo et al, 2000), was used to supplement conversion
from EB to NE cells from days 4 to 16 (Figure 1a). The effects
of inhibiting the dual SMAD and FGF pathways during the
first 4 days of differentiation, in the context of subsequent
supplementation with bFGF, on NE rosettes was character-
ized at day 16. A significant increase in rosette size was
observed upon treatment with LDN193189, SB431542, and
PD0325901 (a 9.8-fold increase vs control; a 2.7-fold increase
vs LDN193189 and SB431542) (Figure lc and d). Later
experiments showed that a rosette size of 50000 pm* or
larger was critical for neocortical organoid growth with
characteristic cerebral cortical organization (Supplementary
Figure S3). Moreover, this protocol significantly increased
the percentage of colonies containing NE rosettes, facilitating
the collecting of rosettes for subsequent organoid differentia-
tion (Figure le). Importantly, nestin® NE rosettes with dual
SMAD and FGF pathway inhibition expressed the anterior
telencephalic transcription factor BF1, and the dorsal
forebrain markers PAX6 and EMXI1 (Figure 1f). Conversely,
these rosettes did not express the hindbrain/spinal cord
marker HOXB4 or the ventral telencephalic marker NKX2.1
(Figure 1f). Together, this indicates that LDN193189,
SB431542, and PD0325901 treatment during the EB stage
of differentiation, followed by supplementation with bFGF,
efficiently yielded rosettes of appropriate size and of
dorsopallial identity.

Characterization of hPSC-Based 3D Neocortical
Organoids

On day 16, dorsopallial NE rosettes ranging from 250 to
500 um in diameter (~50 000 to 200 000 pm?) were manually
picked up, maintained in suspension culture, and primed
with bFGF, which has been shown to maintain the
proliferative NE pool (Raballo et al, 2000), and FGF18,
which is involved in neocortical patterning and development
(Hasegawa et al, 2004), for 8 days. All trophic factors were
then removed from the cultures during the final 6 weeks of
differentiation to allow self-organized neocortical organoid
formation (Figure 1a). Early-stage neocortical organoids (day
38) included large, proliferating polarized neuroepithelia,
with single ventricle-like cavities at the centers (Figure 2a-d
and Supplementary Figure S4a and b). Dorsopallial progeni-
tors in the VZ-like zones expressed BF1 and PAX6 and were
proliferative, as they expressed Ki67, a cell proliferation
marker (Figure 2b). The apical-end markers, N-cadherin
(Ncad), CD133, and gamma-tubulin (g-tubulin) were
localized to the center of each organoid, facing the lumen
(Figure 2c). Moreover, PH3 (phosphorylated histone H3), a
marker for the G2/M phase of the cell cycle, was detected in
the apical zone of the neocortical organoids (Figure 2d) that
was reminiscent of in vivo interkinetic nuclear movement in
the VZ of the developing neocortex (Takahashi et al, 1993).
On day 38, the neuronal marker TUJ1 was located superficial
and peripheral to the PAX6" neuroepithelium in the
neocortical organoids (Figure 2e), and early-born preplate
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plate CTIP2" neurons and late cortical plate CUX1" neurons
were present (Supplementary Figure S1b). The CTIP2*
neurons were primarily located adjacent to the neuroepithe-
lia; however, the CUX1" neurons were located evenly
throughout the TUJ1" area (Supplementary Figure S1b),
suggesting initiation of spatial separation of early and late
cortical plate neurons. In addition, the neuronal maturation
maker NEUN, which is expressed in developing human fetal
brain by the middle of the second trimester (Sarnat et al,
1998), was expressed peripheral to the neuroepithelia (Figure
2j and k).

The proliferation rate of PAX6" neuroepithelial cells was
significantly lower on day 66 than on day 45 (Figure 2l for
day 66 and Figure 4d for day 45; 6.8% + 1.0 SEM on day 66 vs
17.5% +1.8 SEM on day 45; n=5; P<0.001; two-tailed
Student’s t-tests), coinciding with the increase in cell-cycle
length of progenitor cells that undergo differentiative
divisions in the VZ at later stages of cortical neurogenesis
in vivo (Dehay and Kennedy, 2007). Cell death was observed
in a minority of cells near the middle of each neocortical
organoid that could be because of limited oxygen supply in
the organoid cores (Supplementary Figure S1c). The majority
of differentiated neurons in the neocortical organoids were

JIY
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Control TTX

glutamatergic (73.1% +4.0 SEM; n=5; Figure 2m), expres-
sing VGLUT1 and VGLUT?2 (Figure 2n and o). Only a small
fraction of differentiated neurons were GABAergic
(4.6%+0.8 SEM; n=5) (Figure 2p), expressing VGAT
(Figure 2q). Similar glutamatergic and GABAergic neuron
subtype compositions have been found in the human
neocortex (Rakic, 2009). At the end of differentiation on
day 66, we observed 5.7%+0.8 SEM (n=5) GFAP"
astrocytes in the neocortical organoids (Figure 2r). This
coincides with the phase at which astrogenesis is initiated
during the later phases of neocorticogenesis in vivo
(Cameron and Rakic, 1991; Levison and Goldman, 1993).
Intact-organoid immunohistochemistry using the newly
developed CLARITY method (Chung et al, 2013) allowed
antibody, in this case TUJI, to label throughout the intact
neocortical organoid, providing an alternative method for
analysis of organoid cytoarchitecture (Supplementary Figure
S2a-e).

Whole-cell electrophysiological recording was used to
evaluate functional activity of the differentiated neocortical
neurons. At day 66, cells under current clamp exhibited
robust action potentials (Figure 3a-c). Large voltage-gated
sodium currents and delayed rectifier potassium currents
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Figure 3 Electrophysiological analysis of neocortical neurons generated from hPSCs at day 66 by inhibition of dual SMAD and FGF signaling. (a) Typical
neocortical organoid held with minimal suction by a suction pipette. Scale bar, 300 um. (b) A patch pipette approaches a cell (indicated by arrow) on the
organoid surface. Scale bar, 25 um. (c) Voltage traces recorded in current clamp mode while injecting current in increasing increments. The strong action
potentials recorded under control condition were blocked by tetrodotoxin, and recovered upon washing. (d) Voltage clamp recording from a cell with RMP of
—53 mV. Voltage commands (upper left) and corresponding current traces (lower left) are shown with the peak sodium (upper right) and potassium (lower
right) currents plotted against membrane potential. () Cumulative distribution of resting membrane potentials (n=45) follow a Gaussian distribution with a
mean of =40 |7 (SD) mV. (f) Distributions of the peak sodium (left) and potassium currents (right). Each symbol represents a different cell. Means and SD
are shown by horizontal bars. Cell line: H9.

<

Figure 2 Generation of 3D neocortical organoids with single ventricle-like cavities from hPSCs by combined dual SMAD and FGF inhibition. (a) Phase-
contrast image of a floating neocortical organoid derived from hPSCs at day 38. Scale bar, 100 um. (b—g) Cryosections of neocortical structures
immunostained for various cortical markers at day 38, (b) BFI/PAX6 and Ki67/PAX6, (c) PAX6/Ncad, CD I33/PAX6, and g-tubulin/PAX6, (d) PH3/DAPI,
(e) TUJI/PAXES, (f) DAPI/TBRI, and (g) REELIN/TBRI. Scale bar, 50 um for (b—f). Scale bar, 25 pym for (g). (h) Phase-contrast image of a floating neocortical
organoid derived from hPSCs at day 66. Scale bar, 100 pm. (i-k, r) Cryosections of neocortical structures immunostained for various cortical markers at day
66, (i) TUI/DAPI, (j) PAX6/NEUN, (k) BFI/PAX6, and (r) DAPI/GFAP. BrdU incorporation (1 h; 10 uM) in the PAX6™ neuroepithelium at day 66 is shown in
(). (m—q) Immunofluorescence staining for (m) TUJI/Glutamate, (n) TUJI/VGLUTI, (o) TUJI/NVGLUT2, (p) TUJI/GABA, and (q) TUJI/NVGAT in the
neocortical organoids at day 66. Scale bar, 50 um for (i—r). Cell line: H9.
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were also observed under voltage clamp conditions (Figure
3d-f).

In contrast to the dual SMAD- and FGF-inhibition
protocol that induced formation of self-organized neocortical
organoids from larger rosettes (Figure 1d), most organoids
that derived from smaller rosettes, without inhibitors or with
only dual SMAD inhibitors (Figure 1d), did not recapitulate
structural aspects of neocortical tissues (Figure 2a and h for
blockade of dual SMAD and FGF signaling; Supplementary
Figure S3a for no inhibitors; and Supplementary Figure S3b).
Organoids derived from small rosettes without inhibitors did
not display apicobasal arrangements of distinct neocortical
zones such as PAX6" neuroepithelia and TUJ1" neuronal
layer formation (Supplementary Figure S3c and d; compare
with Figure 2e, i and j), suggesting that inhibition of dual
SMAD and FGF signaling is essential for this self-
organization.

Taken together, these data indicate that blockade of dual
SMAD and FGF signaling at the start of differentiation
induced formation of self-organized neocortical organoids,
mimicking in vivo neocortical cytoarchitectural organization,
and resulted in the establishment of functional neocortical
neurons. We have successfully used this protocol on six
different hPSC lines, including hESC lines H1, H9, H14, and
CT2, and hiPSC lines NIH-i5 and NIH-i7, and obtained
similar results (Supplementary Figure S4a-d).

CYP3A5 and CYP3A43 Expression in Neocortical
Organoids

Our previous findings indicate that CYP450 inhibitors could
reverse cocaine-induced impairment of neocortical develop-
ment in both rat and 2D hPSC-based neocortical models
(Lee et al, 2008; Kindberg et al, 2014). The specific isoforms
of CYP450 that are responsible for the adverse effects of
cocaine in the developing human neocortex are, however,
unknown.

Because of the temporally sensitive effects of cocaine in
rats, with neocortical abnormalities observed only when
cocaine is administered during the most active period of
neural progenitor proliferation (Lee et al, 2011), we
examined the expression of CYP3A4, CYP3A5, CYP3A7,
and CYP3A43 at the undifferentiated hPSC stage and in the
neocortical organoids at day 44, during which time the
neuroepithelium is rapidly proliferating (Figure 4a). CYP3A5
was expressed predominantly at the neocortical organoid
stage, whereas CYP3A43 was expressed during both the
undifferentiated and organoid stages (Figure 4a). Expression
of CYP3A4 and CYP3A7 was not detected at either stage
(Figure 4a). These data pinpoint CYP3A5 and CYP3A43 as
prospective candidates for the metabolism-mediated devel-
opmental effects of cocaine.

CYP3A5 Is Required for Cocaine-Induced Alterations in
Neocortical Organoid Development

We next examined the effects of cocaine on neocortical
development using our 3D neocortical organoid model. In
the fetal rat neocortex, cocaine concentrations were found to
decrease rapidly to negligible levels 1h after cocaine
administration (Lee et al, 2008). Thus, in order to expose
the neocortical organoids to an amount of cocaine that
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reflects in vivo exposure, the organoids were incubated with
3uM cocaine for 1h, followed by changing the culture
medium. Organoids were exposed to cocaine every second
day from days 32 to 44. This represents the most active
period of proliferation of the neuroepithelium in our
organoids (Figure 2b). We measured ROS generation in
neocortical organoids on day 44 and observed cocaine-
induced ROS accumulation (Figure 4b). Cocaine also
inhibited proliferation of PAX6" NE cells in neocortical
organoids at day 45 (Figure 4d and Supplementary
Figure S5a). In the present model, postmitotic neurons
migrate toward the periphery of the NE. Neurogenesis was
examined using BrdU pulse-chase experiments (1h BrdU
pulse, 24 h chase) from days 51 to 52, showing that cocaine
increased the migration of BrdU-labeled TUJ1 neurons
outwards to the periphery of the NE area (Figure 4f).
The percentage of BrdU" cells that expressed TUJ1 was
increased by cocaine as compared with control (Figure 4f
and Supplementary Figure S5b). These data confirm our
previous findings, using a 2D neocortical model, that cocaine
exposure led to premature neuronal differentiation
(Kindberg et al, 2014). Finally, on day 66, at the end of
differentiation, cocaine significantly inhibited development
of the TUJ1" area (Figure 4h and Supplementary Figure S5c).
These data demonstrate that 3D neocortical organoids can
recapitulate cocaine-induced developmental abnormalities of
the human neocortex.

To explore the role of CYP3A5 and CYP3A43 in these
effects, we employed lentiviral vectors to deliver shRNA to
silence either CYP3A5 or CYP3A43 using the H9 hESC line
(Supplementary Figure S6). Knockdown of CYP3AS5, but
not CYP3A43, reversed cocaine-induced ROS generation
(Figure 4c), proliferation inhibition (Figure 4e), and
premature neuronal differentiation (Figure 4g). The overall
inhibition of neural tissue development by cocaine
was reversed only by CYP3A5 knockdown (Figure 4i).
Moreover, knockdown of CYP3A5 or CYP3A43 itself did not
interfere with neocortical development (Supplementary
Figure S7a-d). These data indicate that CYP3A5, predomi-
nantly expressed during the beginning phase of neocortico-
genesis, plays a dominant role in the adverse effects of
cocaine in developing neocortical organoids.

Both CYP3A5 and CYP3A43 were expressed in dorsal
forebrain cortical progenitors at day 16 at levels similar to
those seen during early neocorticogenesis at day 44
(Supplementary Figure S8). Expression of CYP3A5 rapidly
decreased after day 44 when neuronal differentiation
gradually became dominant, whereas expression of CYP3A43
was maintained at a similar level until the end of
differentiation (Supplementary Figure S8). These data lend
further support to the hypothesis that the neocortex is most
vulnerable to cocaine during early neocorticogenesis.
Cocaine primarily alters neocortical development if adminis-
tered when the neocortical organoids are still composed
mainly of proliferative NE cells with high levels of CYP3A5
expression.

DISCUSSION

Recently, several hPSC-based 3D in vitro models of cerebral
cortical development have been developed, and some
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of them have been used to recapitulate complex disorders of
brain development, such as microcephaly (Lancaster et al,
2013; Pasca et al, 2015). However, using gelatinous protein
mixtures to serve as scaffolding for the developing brain
organoids could limit their exposure to test compounds, as
well as introducing undefined components of animal origin.
Moreover, generation of unpredictable numbers of NE
rosettes in cortical organoids could interrupt the enlargement
of the neocortical area between the borders of adjacent
neocortical structures that causes difficulty in obtaining
reproducible measurements. Therefore, these methods are
not suitable for certain pharmacological applications that
require quantification. Here, we developed a 3D hPSC-based
neocortical organoid model in which a single neocortical
structure self-organizes without the support of a gelatinous
matrix. These organoids retain several essential features of
human neocortical development, thus allowing us to
examine the mechanisms involved in the adverse neurode-
velopmental effects of psychostimulants, in this case cocaine.

Using our neocortical organoid model, we found that
CYP3A5, predominantly expressed at the early stage of
neocorticogenesis, plays a critical role in the developmental
effects of cocaine. Human CYP3A is important for the
oxidative metabolism of many drugs including psychosti-
mulants. Moreover, its location in the brain suggests a
potential role of CYP3A in pharmacological modulation of
drug-related brain activity. Among the CYP3A family,
CYP3A4, CYP3A5, and CYP3A43 have been detected in
different regions of the adult human brain, including cortex,
hippocampus, basal ganglia, midbrain, and cerebellum
(Booth Depaz et al, 2013; McFadyen et al, 1998; Agarwal
et al, 2008). However, the expression pattern of CYP3A in
the human embryonic brain is not clear. We found that only
CYP3A5 and CYP3A43 are expressed in the neocortical
organoids (Figure 4a). Furthermore, knockdown of CYP3AS5,
but not CYP3A43, reversed cocaine-induced alterations in
neocortical development (Figure 4c, e, g and i), suggesting
that CYP3AS5 as a biological driver for cocaine-induced brain
developmental deficits.

Although the primary recognized function of CYP3A5
involves metabolism of drugs and various compounds, the
present study does not demonstrate that metabolism of
cocaine per se is responsible for the effects of cocaine on
development of cortical organoids. We cannot exclude the
possibility that other unknown mechanisms involving
CYP3A5 are involved. In addition, as cocaine has been
shown to affect adult neurogenesis in the rat subgranular
zone of the hippocampus (Noonan et al, 2008), and CYP3A5
has been shown to be expressed in the human hippocampus
(Booth Depaz et al, 2013; McFadyen et al, 1998), it would be
interesting to determine whether CYP3A5 is involved in
cocaine-induced disruption of neurogenesis in this brain
region.

In conclusion, the primary advantages of our hPSC-based
neocortical organoid model are, first, that it comprises a 3D
model that retains only one neocortex-like structure
organized around a single ventricle-like structure, and,
second, that no animal-derived gelatinous matrix is used.
Studies performed using this in vitro 3D model indicate that
at least some effects of cocaine on neocortical development
are mediated by CYP3A5. As CYP3A isozymes have been
shown to metabolize ~50% of all currently used therapeutic
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drugs, it may also be critical for neocortical development
disorders observed with prenatal exposure to drugs other
than cocaine. A detailed examination of chemical
compounds and drugs metabolized by CYP3A on brain
development using our 3D neocortical organoid model
could lead to identification of adverse effects of pharmaceu-
ticals in humans, and development of improved therapeutics
for specific drug exposure. The hPSC-based human tissue
models are widely utilized for drug safety screening,
especially using cardiomyocytes and hepatocytes (Grimm
et al, 2015; Sengupta et al, 2014); however, the present study
suggests that hPSC-based models can also be used to
obtain information about molecular mechanisms and
potential therapeutical targets in drug-induced disease.
A previous study by our group (Zeng et al, 2006)
demonstrated that hESC-based models could be employed
for studies of toxicity of human dopaminergic systems; the
present study and our previous report using a 2D model
(Kindberg et al, 2014) expands that concept to include the
neocortex.

Stem cell technology using patient-derived hiPSCs also
enables the development of human in vitro model systems
that capture the inherent pathologies based on the genetic
background of the source material (Lee et al, 2015¢; Aigner
et al, 2014; Brennand et al, 2011, 2012). Some neurodevelop-
mental disorders such as autism spectrum disorder (ASD)
and psychiatric illnesses such as schizophrenia, with
dysfunction in the prefrontal cortex (Courchesne et al,
2011; Stoner et al, 2014; Anticevic et al, 2015), only occur in
humans. Animal models can recapitulate only selected
aspects of these complex disorders (Ruhela et al, 2015;
Ellenbroek and Cools, 2000). Our 3D neocortical organoid
model offers distinct advantages for the study of these
inherited neurodevelopmental and psychiatric disorders.
This system might be profitably used to examine the
underlying genetic factors in neurological disorders using
hiPSC-derived 3D neocortical organoids.
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