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Neural organoids have emerged as valuable tools for studying the developing
brain, sparking enthusiasm and driving their adoption in disease modeling, drug
screening, and investigating fetal neural development. The increasing popularity
of neural organoids as models has led to a wide range of methodologies aimed at
continuous improvement and refinement. Consequently, research groups often
improve and reconfigure protocols to create region-specific organoids, resulting
in diverse phenotypes, including variations in morphology, gene expression, and
cell populations. While these improvements are exciting, routine adoptions of
such modifications and protocols in the research laboratories are often
challenging due to the reiterative empirical testing necessary to validate the
cell types generated. To address this challenge, we systematically compare the
similarities and differences that exist across published protocols that generates
subpallial-specific organoids to date. In this review, we focus specifically on
exploring the production of major GABAergic neuronal subtypes, especially
Medium Spiny Neurons (MSNs) and Interneurons (INs), from multiple subpallial
organoid protocols. Importantly, we look to evaluate the cell type diversity and
the molecular pathways manipulated to generate them, thus broadening our
understanding of the existing subpallial organoids as well as assessing the in vitro
applicability of specific patterning factors. Lastly, we discuss the current
challenges and outlook on the improved patterning of region-specific neural
organoids. Given the critical roles MSN and IN dysfunction play in neurological
disorders, comprehending the GABAergic neurons generated by neural
organoids will undoubtedly facilitate clinical translation.
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1 Introduction

1.1 A brief introduction to the subpallium and stem cell
derived subpallial organoids

The subpallium encompasses the rostral region of the telencephalon that is ventral to
the cerebral cortex. Early in neurodevelopment, the fetal subpallium is established in large
part from the coordinated gradients of key morphogens such as FGF and Shh, as evidenced
by classical studies performed in chick embryos and mouse models (Figure 1A) (Ericson
et al., 1995; Shimamura and Rubenstein, 1997; Houart et al., 1998). At this early time point,
the morphogenic cues give rise to the transient subpallial structures referred to as the
ganglionic eminences (GE’s) (Figure 1B) (Marín and Rubenstein, 2001; Rallu et al., 2002).
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The GE’s are crucially responsible for birthing a large majority of the
cortical interneuron (IN) population, olfactory bulb (OB)
interneurons, and establishing the striatum. At the most ventral
end of the GEs, the Medial Ganglionic Eminence (MGE) will
ultimately give rise to ~70% of the cortical IN population,
whereas with the more dorsally located, Caudal Ganglionic
Eminence (CGE), contributes to ~30% of cortical INs. The
cortical fated INs of the GEs tangentially migrate towards the
cortex through the broadly defined superficial migratory streams
(SMS) (Bastaki et al., 2017) or the deep migratory streams (DMS)
(Lavdas et al., 1999; Wichterle et al., 2001; Tanaka et al., 2003;
Bastaki et al., 2017; Lim et al., 2018a). The Lateral Ganglionic
Eminence (LGE), positioned rostral to the CGE, establishes the
striatum and populates it with Medium Spiny Neurons (MSNs),
which constitute ~90% of cells in the striatum (Kawaguchi, 1997).

Striatal INs are partially composed of CGE/MGE derived INs and
make up ~10% of cells in rodent models and up to ~20% in primates
(Marín et al., 2000; Wu et al., 2000). The LGE derived INs
specifically migrate through the rostral migratory stream towards
the OB (Carlos et al., 1996; Stenman et al., 2003).

Recently, researchers have attempted to model the fetal
subpallium by leveraging the pluripotency of human pluripotent
stem cells (hPSCs) to form self-assembling 3D forebrain organoids
(Table 1; Figure 2). While protocols amongst different groups can
vary, most subpallial protocols use recombinant proteins and/or
small molecules to stimulate the pathways that ventralizing
morphogens are known to activate (i.e., Shh, FGF). The end
products are a wide variety of subpallial organoids with varying
degrees of ventralization and a mixture of cells representing
multiple subpallial structures. In this review, we examine the

FIGURE 1
Visual schematics of morphogen effects of on developmental axes (A) Anterior-Posterior patterning of the secondary brain vesicles stage in
embryonic development driven in large part by FGF, Wnt, and RA. Note that FGF expression from the ANR of the telencephalon is not pictured here. (B)
Dorsal-Ventral patterning of the telencephalon. Illustrated coronal section of the fetal telencephalon depicting the role of morphogens in patterning. Up
and down arrows indicate levels of Gli genes in reference to morphogenic gradients. Modified from Pavon et al. (2024). (C) Simplified visualization
highlighting the bi-directional roles of FOXG1 and FGF in ventralization (NKX2.1/GSX) and the indirect cortical expansion (PAX6) visualized by the dotted
bidirectional arrows. Yellow boxes depict the influence of common small molecule Shh agonists (Pur, SAG) and Wnt antagonists (XAV939, IWP-2).
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TABLE 1 Summary of selected neural organoid protocols with specific patterning manipulations to LGE/Striatal and MGE subpallial subregions. Cell type
identification used the reported gene expressions of each protocol to broadly classify the types of cells that might be found within each organoid.

References Characterization Cell lines Patterning
molecules

Cell type
identification

Takeaways

Adil et al. (2018) IHC, qPCR, Action potential
analysis using voltage-sensitive
dyes, Cell transplantation

H1 ESCs (WiCell),
H9 ESCs (WiCell),
8FLVY6C2 iPSCs

D2-26: Pur (0.65 µM)
+ DKK-1 (100 ng/ml)

Early markers: Early LGE
(GSX2, OTX2), Forebrain
(FOXG1)

Late markers: Late LGE
(FOXP1, FOXP2), Pan-
neuronal (MAP2),
MSN (DARPP32/CTIP2/
GABA/CB), Astrocyte (GFAP)

Showed a higher efficiency of
MSN generation when starting
in a 3D platform. At d60, 3D
organoids had 69% of cells
displaying action potentials

Miura et al. (2020) IHC, RT-qPCR, scRNA-seq,
Optogenetics, Calcium imaging,
Whole cell patch clamp
electrophysiology

Five control iPSCs derived
from healthy donors, three
iPSCs derived from
22q13.3DS patients

D6-22: Activin A
(50 μg/ml) + IWP-2
(2.5 µM)
D12-22: SR11237
(100 nM)

Early markers: Early LGE
(GSX2, MEIS2, HOPX), Early
striatal (CTIP2),
Proliferating cells (TOP2A),
Forebrain (FOXG1), Early
ventral forebrain (DLX1/2,
ASCL1)

Late markers: GABAergic
neurons (GAD1, GAD2,
STMN2, SYT1), Glutamatergic
neurons (SLC17A7, SLC17A6),
Late ventral forebrain (DLX5/
6), INs (SST, CB, CR, TH,
NOS1, NPY), Mature Neurons
(MAP2), MSN (DARPP32,
CTIP2, NeuN), D1-MSN
(DRD1), D2-MSN (DRD2),
Striasome (TAC1, PENK),
Astrocyte (GFAP, AQP4),
Oligodendrocyte (OLIG2,
SOX10, MBP)

Neurons in striatal organoid
form abundant dendritic spines
with ephys confirmed activity
like that described in MSNs.
Observed increased calcium
spikes in cortico-striatal
assembloid

Amimoto et al.
(2021)

ICC/IHC, qPCR, MEA 1231A3 iPSCs D13-17: Pur (0.5 µM) Early markers: Early LGE
(GSX2), Neural progenitors
(SOX2, Ki67, pH3), Early
ventral forebrain (DLX1/2,
ASCL1), Forebrain (FOXG1,
OTX2), Early striatal (CTIP2),

Late markers: Mature neurons
(MAP2, DCX, TUBB3, SYN1),
MSN (DARPP32, CTIP2,
GABA, CB)

With long-term culture rosette
structures disappeared and
mature markers were more
abundant. Spontaneous activity
recorded ~ D64 by MEA.

Chen et al. (2022) IHC, RT-qPCR, scRNA-seq H9 ESCs (WiCell), 8-
12 iPSC derived from
healthy donors

D10-25: Pur (0.65 µM) Early markers: Early LGE
(GSX2, MASH1, MEIS1/2),
Early ventral forebrain (DLX1/
2, ASCL1), Early striatal
(CTIP2) Forebrain (FOXG1,
OTX2), Neuroectoderm
(PAX6, SOX1), Neural
progenitors (SOX2, Ki67),

Late markers: Late LGE
(FOXP2), Mature Neurons
(MAP2, NeuN, STMN2, DCX,
TUJ1, PSD95, BSN),
Developing MSN (MASH1,
CTIP2, GABA), Developing
MSN 2 (DARPP32, MAP2,
NeuN), MSN (DARPP32,
CTIP2, GABA, NeuN, CB,
CR), GABAergic neurons
(GAD1, GAD2), Glutamatergic
neurons (SLC17A6, SLC17A7),
Striasome (MOR1), Astrocyte
(AQP4, SLC1A3),
Oligodendrocyte
(OLIG2, MBP),

Stiatal organoids were capable
of self-organized
regionalization into striasome
and matrix compartments.
Confirmed the establishment of
projections between cortico-
striatal and midbrain-striatal
assembloids respectively

(Continued on following page)
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TABLE 1 (Continued) Summary of selected neural organoid protocols with specific patterning manipulations to LGE/Striatal and MGE subpallial
subregions. Cell type identification used the reported gene expressions of each protocol to broadly classify the types of cells that might be found within
each organoid.

References Characterization Cell lines Patterning
molecules

Cell type
identification

Takeaways

Liu et al. (2022) IHC, RT-qPCR, scRNA-seq,
Western blot

H9 ESCs (WiCell), IMR90-
4 iPSCs (WiCell),
HDUE003 iPSCs

D10-25: SHH
(20–200 ng/mL)

Early markers: Early LGE
(GSX2, PAX6, MEIS2),
Forebrain (FOXG1), Early
ventral forebrain (DLX2,
ASCL1), Neural progenitors
(SOX2, HES1, Ki67)

Late markers: GABAergic
neurons (GAD1), Mature
neurons (MAP2, NeuN, TUJ1),
MSN (DARPP32, CTIP2), Late
ventral forebrain (DLX5),
Striasome (TAC1)

Striatal organoids used to
examine the potential of
HSF1 becoming a therapeutic
target for treating Huntington’s
Disease

Brady et al. (2022) RT-qPCR, bulk RNA seq, IHC,
Western blot

Five patient derived iPSCs,
twelve healthy donor iPSCs

D8-11: Pur (2 µM) +
FGF8 (200 ng/mL)
D12-19: Pur (1 µM) +
FGF8 (100 ng/mL) +
RA (500 ng/mL) +
BMP9 (10 ng/mL)

Early markers: Early MGE/
POA (NKX2.1, CHAT,
NCAD), Early ventral
forebrain (DLX1/2, GLI1,
SHH), Early CGE (PROX1)

Late markers: Late LGE
(FOXP1), D-2 MSN (DRD2),
GABAergic neurons (GAD1),
Striasome (PENK), MGE
derived IN (NKX2.1, NOS-1,
NPY, SST), Cholinergic IN
(ISL1, CHAT, SLC18A3,
SLC5A7), MSN (DARPP32)

Basal ganglia organoids
displayed progenitors and
neurons resembling LGE,
MGE, and POA fates. Basal
ganglia organoids reach up to
6 months in vitro and showed
neurite extensions and
dendritic spines with prolonged
maturation

Sawada et al.
(2023)

IHC, RT-qPCR, Western blot,
MEA, scRNA-seq

Four patient derived iPSCs,
four healthy donor iPSCs,
MIN09i-33114.C control
iPSC (WiCell)

D6-30: Pur (0.65 µM)
+ 100 ng DKK-1

Early markers: Early LGE
(MEIS2), MGE (NKX2.1),
CGE (NR2F1, NR2F2, SP8),
Neural progenitors (SOX2,
Ki67), Forebrain (FOXG1)

Late markers: Late LGE
(FOXP2, POU3F1),
Developing MSN (CTIP2),
Developing MSN2 (DARPP32,
CALB1), Pre D1-MSN (TAC1,
EBF1), Pre D2-MSN (SIX3,
GRIK3), D1-MSN (IKZF1,
PDYN, DRD1), D2-MSN
(EGR3, PENK, ADORA2A,
DRD2), Striatal INs (EPHB1,
NKX2.1, EPHB3, CR), Cortical
INs (NRP1, RELN, LHX6,
HTR3A), Neocortex (EOMES,
TBR1, SATB2), Astrocyte
(GFAP, S100b)

Mature MSNs and INs were
rarely detected in this protocol
suggesting immaturity in
ventral forebrain organoids.
INs expressed marker genes for
striosome and matrix. No
unique cell types generated
between D70 and D150.
However, an upregulation of
synaptic genes was observed in
at D150. Additionally,
increased synchronous activity
and firing rate observed at
D150 through MEA.

Kadoshima et al.
(2013)

IHC KhES-1 hESCs D15-21: SAG (30 nM)
Or D15-21: SAG
(500 nM)

@SAG (30 nM)
Early markers: Early LGE
(GSX2), Forebrain (FOXG1),
Neuroectoderm (PAX6)

Late marker: GABAergic
neuron (GAD2)

@SAG (500 nM)
Early marker: MGE (NKX2.1)

Late marker: N/A

Observed a rolling NE
morphology present primarily
in the cortical PAX6+ regions
of the organoid

(Continued on following page)
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TABLE 1 (Continued) Summary of selected neural organoid protocols with specific patterning manipulations to LGE/Striatal and MGE subpallial
subregions. Cell type identification used the reported gene expressions of each protocol to broadly classify the types of cells that might be found within
each organoid.

References Characterization Cell lines Patterning
molecules

Cell type
identification

Takeaways

Birey et al. (2017) IHC, Calcium imaging, RT-
qPCR, scRNA-seq, Whole cell
patch clamp electrophysiology

Seven patient derived
iPSCs, six control iPSCs
from healthy donors,
H20961 iPSCs (Gilad
laboratory), H9 ESCs

D4-24: IWP-2 (4 µM)
+ EGF/FGF (10 ng/mL)
D12-24: SAG (100 nM)

Early markers: Forebrain
(FOXG1),MGE (NKX2.1), Early
ventral forebrain (DLX1/2)

Late markers:Cortical INs (SST,
CR, CB, PV), GABAergic
neuron (GAD1, GABA,
SLC32A1, GPHN), Mature
neurons (STMN2, DCX, MAP2,
SYN1), Oligodendrocyte
(OLIG2, SOX10), Choroid
Plexus (TTR, SLC13A4), Late
ventral forebrain (DLX5/6,
NKX6.2), Migrating INs
(ERBB4, NNAT, MALAT1,
SOX11, NXPH1), Astrocyte
(GFAP)

The addition of AlloP and RA
significantly increased
spontaneous calcium spiking
but had no effect on the tissue
specificity among subpallial
organoids nor the GABAergic
subtypes generated. Cortical-
subpallial assembloid was used
to investigate IN integration

Bagley et al. (2017) IHC, RT-qPCR, SC101A-1 Feeder-
dependent iPSCs (Systems
Biosciences), H9 ESCs
(WiCell)

D5-12: SAG (100 nM)
+
IWP-2 (2.5 µM)

Early markers: Forebrain
(FOXG1), Early ventral
forebrain (DLX2), Early LGE
(GSX2), MGE (NKX2.1,
LHX6), Dorsal forebrain
(PAX6, TBR1), Neural
progenitors (Ki67), CGE
(NR2F2, SP8)

Late markers: GABAergic
neuron (GAD1, SLC32A1),
Mature neuron (HuC/D,
NeuN, MAP2, DCX), INs (SST,
NPY, CB, PV)

Used a cortical-subpallial
assembloid and slice culture to
catalogue IN migration
behaviors. Noted that organoid
migration undergoes a
combination of radial and
tangential migration
mimicking the in vivo
migration patterns of
cortical INs

Xiang et al. (2017) IHC, RT-qPCR, bulk RNA seq,
scRNA-seq, Calcium Imaging,
Whole cell patch clamp
electrophysiology

HES3-NKX2-1-GFP
hESCs, H1 hESCs
(WiCell), 1090 iPSCs
(donor derived)

D10-18: SHH (100 ng/
mL)
+
Pur (1 µM)

Early markers:MGE (NKX2.1,
NKX6.2, FOXA2, OLIG1/2),
Forebrain (FOXG1), Neural
progenitors (SOX2), Early
ventral forebrain (DLX2,
ASCL1), Neurogenesis (VIM,
NES, HES1), Oligodendrocyte
progenitors (S100A10, CD44)

Late markers: GABAergic
neurons (GAD1/2, GABA,
SLC32A1), INs (SST, PV, NPY,
CB, TAC1), Mature neurons
(NeuN, STMN2, GAP43,
TUJ1, DCX, SYN1, PSD95),
Late ventral forebrain (DLX6),
MGE derived IN (MAP2,
ALCAM), Cortical derived IN
(ZIC1, PTN, MEIS2),
Migrating INs (CXCR4, NRP1)
Oligodendrocyte (OLIG1/2),
Astrocyte (GFAP, S100b)

Neurons from hMGEOs
displayed calcium transients by
D40-50. In large fields of view
synchronous activity was
documented. The
electrophysiological properties
of hMGEOs recorded action
potentials in 8 out 14 cells.
Fusion of hMGEOs and cortical
organoids recapitulated cortical
interneuron migration

Cao et al. (2022) IHC, Calcium imaging, Whole
cell patch clamp
electrophysiology, organoid
transplantation

IMR90-4 iPSCs (WiCell) D10-25: SAG (1uM) Early markers: MGE
(NKX2.1), Forebrain
(FOXG1), Neural progenitors
(SOX2, Ki67, NESTIN, PKC-
λ), Early dorsal forebrain
(PAX6)

Late markers: GABAergic
neurons (GABA, GAD1),
Mature neurons (DCX, NeuN,
MAP2, TUJ1), INs (SST, CR,
CB, nNOS), Astrocyte (GFAP)

Whole cell patch clamp
revealed action potentials
within hMGEOs starting at
6–8 weeks post differentiation
and display
electrophyisiological properties
of mature neurons. Similarly,
calcium transients in hMGEOs
were significantly higher at
D45 compared to earlier time
points, again indicating
neuronal maturation
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neuronally specified cellular diversity of several subpallial
organoids published to date with a focus on GABAergic
populations.

2 Key morphogens for organoid
ventralization

In general, forebrain organoid protocols utilize dual Smad
inhibition for neural induction (Chambers et al., 2009).
However, a guided differentiation approach requires additional
signaling molecules for the subsequent controlled tissue patterning

of organoids. Here we review different ventralizing molecules that
activate and influence telencephalic patterning (Figure 1C).

2.1 SHH

In organoid cultures, the Shh pathway is commonly activated
using recombinant Shh protein and/or smoothened agonist-
targeting small molecules such as Purmorphamine (Pur) or
Smoothened Agonist (SAG). Doing so mimics the endogenous
subpallial cues that induce ventral telencephalic patterning.
Modulating the concentration and timing of Shh pathway

FIGURE 2
Timing and patterning schemes of published subpallial organoids. The subpallial protocols are broken down to three broadly defined categories:
“induction”; “patterning”; and “differentiation and maturation.” “Induction” refers to the initial 3D aggregation and their guidance to a neuroepithelial fate
using a combination of dual Smad inhibition with optional WNT inhibition. “Patterning” indicates the addition of ventralizing morphogens, usually in the
form of recombinant proteins or small molecules. “Differentiation andMaturation” signals themedium conditions optimized for long-term organoid
culturing. Abbreviations: Pur (Purmorphamine; Shh agonist), DKK-1 (Dickkopf1; Wnt antagonist), Activin A (Growth factor), IWP-2 (Wnt antagonist),
SR11237 (RXRG agonist), rSHH (Recombinant Sonic Hedgehog), FGF8 (Fibroblast Growth Factor 8), BMP9 (Bone Morphogenetic Protein 9), SAG
(Smoothened Agonist; Shh agonist), EGF (Epidermal Growth Factor), FGF2 (Fibroblast Growth Factor 2).
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activation leads to varying degrees of ventralization with the higher
concentrations and longer durations corresponding with the
production of more ventral GE progenitors. For example, many
striatal organoid protocols will use a lower concentration of Pur/
SAG or recombinant SHH to induce a more dorsal GE (dGE) fate. In
doing so, they enrich LGE-like progenitors which are the biggest
contributors for the development of the striatum. On the other hand,
increasing the degree of SHH pathway activation leads to more
ventral GE fates, specifically the MGE.

Interestingly, the type of agonism chosen seems to play a role in
how effective ventralization will be. For example, recombinant Shh
proteins tend to be less effective for ventralization and this might be
attributed to its shorter half-life and stability compared to its small
molecule counterparts, Pur and SAG (Krajka et al., 2021). In 2D cell
cultures, Pur has been shown to efficiently induce ventral fates in
cells (Amimoto et al., 2021; Krajka et al., 2021). However, Pur has a
half-maximal effective concentration in the micro molar range for
SMO activation (Sinha and Chen, 2006). On the other hand, SAG
has a half-maximal effective concentration in the low nanomolar
range and has the property of inducing high degree of ventralization
with less material (Chen et al., 2002; Wang et al., 2010; Wu et al.,
2018; Shen et al., 2020). A final consideration is that a water soluble
reagent like SAG might reduce the potential for introducing a
stressor, as is the case with DMSO-soluble Pur.

2.2 SAG

Kadoshima et al., 2013 was among the first to attempt targeted
ventralization of a neural organoid using 30 nM of SAG to generate
an LGE lineage of progenitors expressing markers such as FOXG1,
GSX2, and PAX6. When attempting a higher concentration of SAG,
500nM, the progenitors of the neuroepithelium domain largely
expressed the canonical MGE marker NKX2.1, indicating a
greater degree of ventralization in the organoid tissue
corresponding to the increased SAG dosage. To expand on this
finding, Birey et al., 2017 developed a subpallial protocol using
100 nM of SAG (Days 12–24 in vitro) that showed high expression of
NKX2.1 and FOXG1 present within rosette progenitors of 25-day
old organoids. Gene expression level of subpallial organoids at day
60 possibly hints at a more diverse pool of ventral neural progenitors
with DLX1/2 expression. Similarly, Bagley et al., 2017 also used
100 nM SAG [Days 5–12], which again resulted in high
FOXG1 expression confirmed through qPCR analysis.
Interestingly, they reported a mix of DLX2, GSX2, NKX2.1, and
LHX6 expression within their Day 30–40 ventral organoids. These
initial findings indicate a more diverse mixture of GE progenitors.
Indeed, further analysis suggested the presence of LGE/CGE derived
cell types amongst the differentiated GABAergic cell types. While
Birey et al., 2017 and Bagley et al., 2017, used identical
concentrations of SAG, the duration of exposure and the specific
use of additional small molecules/growth factors likely played a role
in the final neuronal specification of their organoids (Table 1).
Finally, Cao et al., 2022 opted for a significantly higher
concentration SAG at 1uM, aiming to specify their organoids
towards an MGE lineage. They did in fact attain a strong
expression of NKX2.1 in 93% of cells by Day 30. Furthermore,
progenitor markers SOX2 and Nestin were seen alongside FOXG1,

specifically indicating the presence of a ventral forebrain neural
progenitor pool.

2.3 Pur + rShh

Xiang et al., 2017 took a different approach, opting to use a
combination of 100 ng/mL of recombinant SHH with 1uM Pur to
supply a ventral rich environment. With this approach,
NKX2.1 expression was first reported using the HES3-NKX2-1-
GFP reporter line as early as 3 days after starting SHH exposure (Day
13). By Day 18, NKX2.1 expression thoroughly enveloped the
entirety of the organoid, indicating a robust generation of MGE-
like progenitors. By Day 21, ~82% of cells expressed NKX2.1 and
about 93% of cells expressed FOXG1. On the other hand, with the
sole addition of 200 ng/mL of recombinant SHH, Liu et al., 2022 was
able to generate striatal organoids, which generated
GSX2 expressing progenitors of VZ rosette structures. This was
based on the Ma et al., 2012 striatal protocol, which reported a
comparable effect of 0.65uM Pur when compared to 200 ng/mL of
recombinant SHH for inducing LGE-like progenitors.

2.4 Pur

Other protocols have followed suit and adopted similar
methodologies for striatal development in 3D. Adil et al., 2018
initially formed 3D hESC aggregates in a hydrogel matrix exposed to
0.65uM of Pur and successfully induced LGE progenitors expressing
GSX2 and OTX2 at Day 26. Alternatively, Amimoto et al., 2021,
recapitulated similar results using a slightly lower 0.5uM Pur, but
still cataloged wide expression of the forebrain marker FOXG1 and
LGE markers GSX2 and DLX2 in their organoids as early as Day 20.
Chen et al., 2022 striatal organoids were induced using 0.65uM Pur
and at Day 20 displayed a high yield of PAX6 and SOX1 double
positive cells with ~85% of cells also positive for OTX2 and FOXG1.
Minimal NKX2.1 expression was detected within the 0.65uM Pur
conditions, but by Day 45, immunostaining data revealed a high
expression of LGE markers GSX2, DLX2, and MEIS1/2 within
rosettes. Most recently, Sawada et al., 2023 used 0.65uM Pur
concentration and developed ventral forebrain organoids that
displayed progenitors that had SOX2 co-expressed with MEIS2,
NR2F2, and NKX2.1 showing progenitors from all 3 GE lineages by
Day 37. As previously alluded to, the modulation of SHH pathway
activation is an important factor for the subpallial patterning of
forebrain organoids, but there are other variables at play that can
regulate the ultimate differentiation of the organoid.

2.5 WNT

Both the Dorsal-Ventral (DV) and Anterior-Posterior (AP) axis
patterning rely on WNT gradients produced by the surrounding
tissue (Maretto et al., 2003; Harrison-Uy and Pleasure, 2012). Many
forebrain organoid protocols include some form of WNT inhibition
(WNTi) during neural induction to enrich for anterior progenitors.
During neural differentiation, WNTi might once again be applied in
combination with Shh agonism to push tissue towards a more
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ventral fate. The Wnt signaling pathway has been shown to play a
strong role in regulating ventral patterning (Tole et al., 2000;
Kuschel et al., 2003). The loss of beta-catenin, specifically in early
neurodevelopment, displayed a tendency for increased expression of
ventral markers in cortical progenitor cells (Backman et al., 2005).
Concomitantly, when the Wnt signal is disrupted in mice, ventral
markers will extend dorsally (Yu et al., 2008). The dynamic role of
Wnt, is not restricted to patterning-like effects on the subpallium but
can also influence ventral proliferation. For example, Wnt signaling
in the ventral forebrain has been shown to regulate the expansion of
progenitor cells of the MGE (Gulacsi and Anderson, 2008). Here we
have highlighted the necessary considerations to account for when
modulating the Wnt pathways in vitro.

Common small molecules forWNTi include XAV939 and IWP-
2, but recombinant Dickkopf-1 (DKK-1) serves as an alternative.
XAV939 works intracellularly to stabilize Axin by inhibiting
tankyrase enzymes and promoting the degradation of beta-
catenin and blocking the WNT signaling cascade. IWP-2, on the
other hand, inhibits the enzyme porcupine, which in turn halts the
extracellular secretion of theWNT ligand. DKK-1 inhibits the WNT
pathway by binding to the co-receptor LRP5/6 and thus blocking the
initial interaction with WNT. In the subpallial protocols, multiple
methods of WNTi are used in combination with SHH agonism for
varied results (Table 1).

2.6 FGF

While the Shh pathway is primarily targeted in most subpallial
protocols, Shh indirectly causes ventralization. This is because the
role of Shh is to inhibit the dorsalizing factor Gli3. Gli3 normally
inhibits FGF expression, therefore in the presence of Shh, FGFs are
responsible for the ventral patterning of tissue in the telencephalon
(Gutin et al., 2006; Storm et al., 2006; Hébert and Fishell, 2008). The
complexity of gene regulation strongly implicates FOXG1 and FGFs
in the ventralization of the telencephalon; however, both also seem
to interact with PAX6 for the delineation of the dorsal telencephalon
(Hébert and Fishell, 2008). This effect mirrors that of the role ofWnt
on the proliferation of MGE progenitors (Gulacsi and Anderson,
2008). These morphogenic effects are further emphasized by the
work done in Shh and Gli3 KOmice. First, when Shh is knocked out
in mice, the ventral telencephalon fails to develop normally with
extension of PAX6 and EMX1/2 cortical populations into the
subpallium. The Gli3 KO mice show the opposite effect with
stunted cortical development and the dorsally expanded
subpallium. However, Shh and Gli3 double KO mice display a
rescued D-V phenotype where the cortex and subpallium more
closely resemble the typical axes of polarity of a control mouse and
leads to the re-establishment of NKX2.1 expression in the MGE
(Rallu et al., 2002). Further still, FGFs, and particularly FGF8, play
key roles in establishing the anterior forebrain early in development
with a large FGF source coming from the Anterior Neural Ridge
(ANR) (Shimamura and Rubenstein, 1997; Houart et al., 1998).
Removal of the ANR results in dramatic loss of the telencephalon
with the diencephalon remaining as the sole forebrain structure. The
implantation of an FGF8 expressing bead in place of the ANR can
induce FOXG1 expression and partially rescue A-P patterning of the
early neural plate (Shimamura and Rubenstein, 1997). Given the

dynamic role of the FGF family, and its stage-dependent effect on
the neuroectoderm, timing of exposure and combination with other
small molecules should be closely considered before implementation
into organoid patterning.

2.7 Retinoic acid (RA)

Normally considered as a caudalizing morphogen, exogenous
RA promotes spinal cord specification in hESC derived
neuroectoderm (Gavalas and Krumlauf, 2000; Wichterle et al.,
2002; Chambers et al., 2009). However, the role of RA in
telencephalic patterning remains opaque with most studies
relegating the role of RA to LGE maturation/maintenance and
cortical expansion (Molotkova et al., 2007; Chatzi et al., 2013). In
turn, RA activity within the LGE is key to establishing GABAergic
differentiation within the basal ganglia/striatum (Chatzi et al., 2011).
Therefore, certain organoid protocols looking to establish a basal
ganglia/striatal phenotype have manipulated RA concentrations
within their cultures. For example, in addition to Shh, FGF, and
BMP9, Brady et al., 2022 utilized 500 ng/mL of RA to derive basal
ganglia organoids composed of progenitors and neurons
resembling LGE, MGE, and POA fates. Uniquely, at Day
23 and Day 45, over 55% of cells in the basal ganglia organoids
expressed NKX2.1 with about 20% of the progenitors co-expressed
NKX2.1 and CHAT. Additionally, 20% of cells expressed the pan-
GE markers DLX1/2. Interestingly, the transcriptomic profile of
basal ganglia organoids was similar to that of the fetal ventral
telencephalon. In parallel, Miura et al., 2020 identified SR11237 as
a small molecule capable of modulating the retinoic acid receptor
pathway (RXRG) and used it in combination with Activin A and
IWP-2 to guide the forebrain organoid towards striatal fates.
Activin A has previously been shown to assist in MSN
generation (Arber et al., 2015). The use of SR11237 was a
unique approach that circumvented the need to manipulate the
SHH pathway and therefore limited the carryover from MGE-like
cells to 0.002%. Miura’s striatal organoids displayed GSX2 and
CTIP2 by Day 15 and high levels of FOXG1, DLX2, GSX2, and
MEIS2 by Day 22. A recent study by Barmpa et al. (2023) followed
up on the use of SR11237 for striatal organoid protocols by
comparing the Miura protocol to modified subpallial protocols
adding RA/SAG or SR11237/SAG. While all protocols seemingly
establish striatal identity within their organoids, those exposed to
SAG displayed prolonged maturation due to a larger retention of
progenitors up to Day 50. In contrast, the Miura protocol, overall
displayed higher levels of GSX2, FOXP1, FOXP2, and CTIP2,
DARPP32, and DRD1.

3 Striatal GABAergic neurons generated
from subpallial organoids

3.1 Medium Spiny Neurons (MSNs)

The GABAergic projection neurons of the striatum, MSNs, are
amongst the most experimentally exploited group of cells for
subpallial organoids. Dysfunction in MSNs has been implicated in
neurodegenerative disease such as Huntington’s and Parkinson’s
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disease. MSNs make up 90% of the cells in the striatum with the other
10% coming fromGE derived INs (Kawaguchi, 1997). Specifically, the
ISL1 expressing progenitors of the ventral LGE are primarily
responsible for most of the MSN generation (Stenman et al.,
2003). Mature MSNs can be further subdivided by their expression
of the D1 dopamine receptor (D1DR) or D2 dopamine receptor
(D2DR) (Gerfen et al., 1990). In the direct pathway, GABAergic
projections from striatal D1DR MSNs project directly onto Globus
Pallidus Interna (GPi) and Substantia Nigra Pars Reticulata (SNr)
effectively leading to the disinhibition of thalamocortical motor
circuits. On the other hand, the indirect pathway requires D2DR
MSNs synapsing onto the Globus Pallidus Externa (GPe) in turn
decreases inhibition of the SubThalamic Nucleus (STN) which has
cascading effects leading to inhibition of thalamocortical circuits. A
second level of compartmental organization persists within the
striatum encompassed by the separation of MSNs into striosomal
patch and matrix compartments (Gerfen, 1992). Both the striosome
patch and matrix differ in their neurochemical composition as well as
their connectivity patterns (Crittenden and Graybiel, 2011; Fujiyama
et al., 2011). Despite the observable diversities, mature MSNs can be
keenly identified by the co-expression of CTIP2 and DARPP32
(Arlotta et al., 2008).

3.2 Pur patterned striatal-like organoids

As previously described, Pur as a SHH pathway agonist is
quite potent for inducing LGE progenitors which later go on to
produce MSNs. Likewise, striatal organoid protocols tend to use
the 0.65uM Pur concentration to induce striatal fates in 3D.
While different protocols also aim to inhibit the WNT pathway to
improve MSN yield, a relatively lower concentration of SHH
agonism seems to be consistent. For example, when 3D
aggregates were cultured in with 0.65uM Pur and 100 ng/mL
of DKK-1 for 26 days and allowed to differentiate in 2D for
60 days, Adil et al., 2018 found that 77% of cells in culture
contained the mature neuronal marker MAP2. Of the
MAP2 containing cells, 55% were DARPP32 and
CTIP2 double positive. Taking a similar approach in 2D,
Amimoto et al., 2021 used a slightly lower 0.5uM Pur
concentration and reported ~60% DARRP32/GABA expression
in their cells with many co-expressing CTIP2 (quantification not
available). A similar effect was seen in their Day 96 organoids
with DARPP32 and CTIP2 co-expression confirmed through
IHC. Chen et al., 2022 relied solely on 0.65uM of Pur for their
striatal patterning and reported about 18.27% of cells in their Day
100 organoids co-expressing CTIP2/DARPP32/NeuN, indicating
the presence of mature MSNs. The ventral forebrain organoids
from Sawada et al., 2023 used 0.65uM Pur with 100 ng/mL of
DKK-1 for a total period of 25 days. When cultured long term for
upwards of 70 and 150 days, an average of 67.4% of cells were
inhibitory cell types with some pre-MSNs (MEIS2/POUF3F1)
detected amongst this population. Still, they were able to
distinguish both pre-D1 (TAC1/EBF1) and pre-D2 (SIX3/
GRIK3) MSNs present within their ventral organoids.

As the name suggests, the basal ganglia organoids described in
Brady et al. (2022) contained a large component of striatal tissue
with significant upregulation of striatal/MSN markers

DARPP32 and DRD1 when compared to control cortical
organoids. However, the basal ganglia organoid is distinct as the
protocol requires a high concentration pulse of Pur (2uM) and FGF8
(200 ng/mL) for 3 days initially which then transitions to 1uM Pur
and 100 ng/mL FGF8 for the remaining 7 days in combination with
500 ng/mL RA and 10 ng/mL of BMP9. This morphogen cocktail
primarily models the early GE and POA progenitors in culture; and
once mature, the organoids host an interesting diversity of MGE-
derived interneurons and cholinergic interneurons as well.

3.3 Recombinant SHH patterned striatal-
like organoids

With a comparable effect to that of 0.65uM Pur, Liu et al., 2022
used recombinant SHH at 200 ng/mL to generate mature MSNs. At
Day 60, DARPP32, CTIP2, and NeuN were observed outside of
rosette regions, although co-expression was not confirmed. Still,
single cell transcriptomics annotated a group ofMSNs at Day 30 that
increased in Day 60 organoids.

3.4 RA striatal organoids

When targeting the RXRG receptor using SR11237, Miura’s
(2020) striatal organoids can mature up to ~ Day 80 and confirm co-
expression of DARPP32 and CTIP2 through IHC. Seemingly, ~50%
of cells expressed CTIP2 with ~10% expressing DARPP32. A deeper
comparison of RA/SAG and SR11237 protocols revealed similar
abilities to induce striatal fates with accelerated maturation observed
in protocols targeting the RXRG receptor as assessed by higher
expression of DARPP32, DRD1 and GAD65 in Day 50 organoids
(Barmpa et al., 2023).

4 Forebrain interneuron subtypes
generated from subpallial
organoid protocols

Based on the aforementioned patterning agents and timing,
different groups have generated subpallial organoids with specific
goals to enrich for specific cell types, i. e., striatal organoids generating
MSNs, as mentioned above. Still, the excitatory/inhibitory (E/I)
balance of cortical networks is primarily made up of glutamatergic
neurons and GABAergic interneurons. Given that a large majority of
cortical interneurons are MGE/CGE derived, the reported IN yields
from subpallial organoid protocols is wide ranging. In the following
section, we discuss the most prominent IN subtypes and their
reported appearance in organoids cultures. Overall, to date, the
most commonly reported IN subtypes are SST+ and CR+
(CALB2) neurons. While all IN subtypes listed below originate
from GE progenitor pools, it is unclear as to why only a subset of
INs are generated within organoid cultures. The observed variability
brings up the question of whether additional factors might be
necessary for wider IN representation, such as activity dependence,
extracellular matrix, migration cues, or even the presence of a dorsal
pallium for INs to integrate into (Antonopoulos et al., 1992; Götz and
Bolz, 1994; Mione et al., 1994; Obst et al., 1998; Bartolini et al., 2013).
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4.1 Somatostatin (SST) interneurons

While the MGE is characterized by VZ progenitors expressing
NKX2.1, the postmitotic neurons of the MGE go on to populate a
large majority of the INs in the cortex. Developmentally, the MGE,
particularly the dorsal MGE (dMGE), preferentially generates SST +
INs earlier than PV + INs (Flames et al., 2007; Wonders et al., 2008).
In vitro, many subpallial organoids have successfully exhibited the
ability to recapitulate this temporal regulation (Bagley et al., 2017;
Birey et al., 2017; Xiang et al., 2017). Interestingly, Xiang et al., 2017
showed that increasing the concentration of SHH in organoid
cultures seemingly increased the production of SST + INs. It is
important to note that, in vivo, although the dMGE is seemingly
further away from a SHH source, the dMGE contains an increased
expression of SHH signaling effectors which could make it far more
sensitive to SHH signaling (Wonders et al., 2008; Yu et al., 2009).
Similarly, in slice culture, exposing the ventral MGE (vMGE) to
exogenous SHH suppresses its preference for making PV + INs in
favor of SST + fates (Xu et al., 2010). This might provide a potential
explanation for the observations made by Xiang et al., 2017.

4.2 Parvalbumin (PV) interneurons

The fast-spiking PV interneurons are characteristically born
from the MGE. This subtype of INs make up a majority of the
INs in the human cortex (Gonchar and Burkhalter, 1999; Markram
et al., 2004; Bodor et al., 2005). However, given their
developmentally late onset of generation in the fetal
telencephalon, organoid counterparts have been elusive and
require longer culturing periods before they can be reliably
observed (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017;
Sloan et al., 2018). Despite the strong prevalence of PV INs in the
human cortex, subpallial organoids have struggled to reliably
increase the yield of PV + INs through morphogen manipulation.

4.3 Vasoactive intestinal polypeptide (VIP)
interneurons

The genetic signatures of the ventral-caudal CGE bear much
resemblance to the LGE. Progenitors in both of these regions share
expression of key markers such as NR2F2, GSX2, MEIS2, and PAX6
(Yun et al., 2001; Frazer et al., 2017). However, CGE derived INs will go
on to migrate into the cortex while LGE derived INs are fated for the
OB. Further still, the CGE uniquely produces the disinhibitory VIP INs
that synapse onto other cortical INs (Rudy et al., 2011; Tremblay et al.,
2016; Huang and Paul, 2019). Developmentally, CGE derived INs are
produced at a later time point compared to MGE derived INs (Miyoshi
et al., 2007; 2010). As previously noted, even the later born PV INs can
take well up to 100+ days to robustly, if at all, appear in subpallial
organoids. Given the late onset of VIP neurons, it is no surprise that VIP
+ INs have been rarely reported in telencephalic organoids (Sawada
et al., 2023). Nonetheless, various protocols have reported CGE-like
progenitors in their cultures expressing NR2F2, SP8, PROX1, and
PRKCA (Bagley et al., 2017; Birey et al., 2017; Gabriel et al., 2021;
Brady et al., 2022; Andrews et al., 2023; Pavon et al., 2023; Sawada et al.,
2023). Perhaps given the right temporal culturing conditions and the

correct environmental cues, the differentiation of the CGE-like
progenitors into mature INs might be achievable.

4.4 ID2/Lamp5 interneurons

Formerly characterized as Reelin (RELN)+ INs, the ID2 INs are
CGE derived (Mayer et al., 2018; Fishell and Kepecs, 2020). Both
ID2+ and VIP + INs, together, make up ~30% of all cortical
interneurons and are produced by the CGE at similar ratios
(Miyoshi et al., 2010). Despite the significant percentage of IN
populations that the CGE contributes, subpallial organoids rarely
exhibit signs of mature CGE derived INs.

4.5 Calretinin (CR) interneurons

The calcium binding protein calretinin (CR; CALB2) serves as
the primary marker for a small portion of cortical INs thought to be
derived from the CGE. Still, the CR marker has also been shown to
commonly co-express in VIP+ and, to a lesser extent, SST + INs
(Cauli et al., 2014; Lim et al., 2018a). In addition to the cortically
fated CR INs that are CGE derived, the dLGE has also been shown to
generate SP8+ neuroblasts that migrate through the RMS and
partially contribute to the CR + INs of the granule cell layer of
the OB (Waclaw et al., 2006). The expression of CR + INs has been
commonly reported in many subpallial protocols [Table 1];
however, their subtype diversity and dynamic migration keeps
them an elusive target for characterization.

5 The default patterning of GABAergic
interneurons in cortical
organoid protocols

One of the most fascinating aspects of cortical forebrain
protocols is the production of GABAergic cells in both default
non-directed and guided differentiated organoids (Quadrato
et al., 2017; Velasco et al., 2019; Tanaka et al., 2020; Magni et al.,
2022). It has been speculated that the primate cortical progenitors
can produce these GABAergic INs, which is in stark contrast to the
rodent data (Anderson et al., 1997; Letinic et al., 2002; Cunningham
et al., 2013; Radonjić et al., 2014; Al-Jaberi et al., 2015; Clowry, 2015).
Alternatively, the analysis of default patterning protocols in 2D,
which forms the basis for unguided organoid protocols, show that
many of the cortical development models report inhibitory signals
within their cultures (Weick et al., 2013; Larsen et al., 2016).

Floruta et al., 2017., showed that upon closer inspection, the
seemingly dorsal PAX6+ progenitors of many cortical protocols
share characteristics with the progenitors of the CGE/LGE, such as
DLX1/2, ARX, SP8, and ASCL1. Immunostaining in default
patterned protocols confirmed DLX and NR2F2 expression, as
well as the mature interneuron marker CR.

Further examination of default patterned neuronal cultures
showed gene expression overlap with the in vivo cortex and
striatum, again hinting at a mixed population of cell types.
Additionally, Floruta et al., 2017 compared guided differentiation
protocols and noted a successful increase of cortical gene expression
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when incorporatingWNT antagonism or the addition of EGF/FGF2
(Watanabe et al., 2005; Mariani et al., 2012; Paşca et al., 2015). The
adoption of WNT inhibitor DKK-1 did seem to selectively improve
cortical specification. Conversely, the addition of EGF/
FGF2 improved cortical fates, but also increased cerebellar gene
expression as well. This finding was complemented by the large
multiplexed morphogen screening in organoids performed by the
Pasca lab, which again showed the effects of EGF/FGF2 in
stimulating cerebellar gene expression (Amin et al., 2023).
Further still, FGF2 has displayed a posteriorizing effect during
the neuralization of hESCs by promoting a hindbrain fate (Lupo
et al., 2013). While FGF2 is commonly added to culture media for
inducing its mitogenic properties, it is important to note that
FGF2 has a less specific receptor binding affinity (Ornitz et al.,
1996; Zhang et al., 2006; Kwiatkowski et al., 2008). This means that
FGF2 can potentially bind with a wide variety of FGF receptors
including those which might activate morphogenic pathways.

It is worth noting that a study by Pappas and Parnavelas 1998
displayed increased proliferation of GABAergic CR neurons from
cortical progenitors in response to FGF2. Yung et al., 2002 showed
that clonally derived and FGF2 expanded, E16.5 cortical cultures, are
capable of giving rise to GABAergic neurons. However, early
embryonic FGF2 expanded cortical cultures (E12.5), were almost
entirely glutamatergic and only ventralized in the presence of SHH.
Gabay et al., 2003 elegantly displayed the ability of FGF2 to induce
the expression of the ventral Olig2 marker in dorsal progenitors.
Fascinatingly, FGF2 seemed to increase endogenous SHH measured
in dorsal cultures with an increase of SHH mRNA. Altogether, it is
worth recognizing that the diversity of cell types generated in
cortical organoids can be influenced by the choice of
morphogens, growth factors, and timings. Using them in certain
combinations might lead to the creation of an unintended
environment primed for a ventral progenitor domain, which can
be exacerbated with prolonged morphogen/growth factor exposure.

6 Challenges with current methods in
generating mature GABAergic neurons

The qualities of interneuron specification remain relatively
unknown. One theory suggests that INs differentiate specifically as
a response to the environmental cues they receive duringmigration or
at their settling point (Stumm et al., 2003; Tiveron et al., 2006; Bortone
and Polleux, 2009; Bartolini et al., 2013). Indeed, many INs do not
express their characteristic genetic signatures until they have reached
their endpoint in the cortex (Marín and Rubenstein, 2001; Miyoshi
et al., 2010; Kepecs and Fishell, 2014; Wamsley and Fishell, 2017; Lim
et al., 2018a). Other lines of evidence suggest that cell specification
occurs as early as the progenitor stage and can contain an element of
temporal influence (Lim et al., 2018b; Mayer et al., 2018).

This provides a challenge in subpallial organoids that are
homogeneously exposed to SHH agonists. Doing so limits the
generation of fully cortical environments for these INs to
successfully integrate into and to form functional synaptic
connections in a region-specific manner. As seen in the subpallial
protocols examined in this review, targeted IN generation is not a
straightforward approach. If one wishes to improve the
developmental modeling of forebrain organoids, it will be critical

to enhance GE progenitor pools that can yield IN subtypes that
better capture the IN diversity observed in vivo.

7 Future direction

Currently, the assembloidmodel aims tomitigate the lack of cortical
environment by fusing cortical organoidswith subpallial organoids. This
assembloid method has efficiently stimulated IN migration and
integration from subpallial organoids into cortical organoids, thus
allowing for improved characterization of subpallial organoid derived
INs (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017). Indeed,
striatal-midbrain and cortico-striatal organoid fusion have displayed
increased neuronal maturity (Xiang et al., 2017; 2019; Barmpa et al.,
2023). However, the assembloid approach requires two separate
protocols for each organoid type and does not fully recapitulate the
early neural patterning by failing to reproduce the cohesive transition
established by structural intermediates. Alternative approaches focus on
the establishment of a morphogen gradient to reproduce the
distinctiveness of early progenitor pools across the D-V and A-P
axis. For example, Cederquist et al., 2019 integrated a SHH
expressing aggregate to their forebrain organoids which effectively
patterned MGE (NKX2.1), LGE (GSX2), and cortical (PAX6)
progenitors within a single organoid (Cederquist et al., 2019).
Currently, the integration of bioengineering and microfluidics has
already shown success for tissue patterning using controlled
morphogen diffusion (Cosson and Lutolf, 2014; Demers et al., 2016;
Kim et al., 2018; Rifes et al., 2020). Recently, the author’s lab has shown
the ability to establish D-V patterning of the GEs in forebrain organoids
using the passive diffusion of Pur in a Morphogen-gradient Induced
Brain Organoid system (MIBOs) (Pavon et al., 2023). MIBOs generate
dorsal GE-derived CR + INs, MSNs, and medial GE-derived cell types
within a single organoid and can be further finetuned with variations in
morphogens, concentrations, and durations. Further still, the ingenious
adoption of optogenetic stimulation for spatially controlled Shh gene
expression within a neural organoid has also shown promise for
subpallial tissue patterning (Legnini et al., 2023). With the advent of
3D bioprinting, functional and patterned neural tissue can already be
developed, adding a potential tool for the further improvement of
organoid technologies (Yan et al., 2024). The exciting prospects of
incorporating further engineering techniques for organoid development
suggest that our ability to model the fetal forebrain is exceedingly
promising (Figure 3).

Beyond tissue patterning, bioengineering has the potential to
enhance both the structural integrity, and functional properties of
organoids. Some groups have incorporated endothelial cells during
organoid formation for the vascularization of neural organoids,
adding a new dimension for studying the circulatory system and
mitigating organoid necrotic cores (Pham et al., 2018; Shi et al., 2020).
On the other hand, both optogenetics and electrical stimulation can be
leveraged to manipulate the neural activity of organoids leading to
improved circuit formation, maturation, and functionality (Quadrato
et al., 2017; Meng et al., 2023). Moreover, the precision control and
streamlined automation of 3D bioprinting offer exciting prospects for
the D-V patterning of forebrain tissue (Gao et al., 2021). While
current fusion approaches have shown great promise for improved
maturation within organoids, alternative approaches such as
morphogen gradient induction or bioengineering methodology
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offer the potential of creating a more comprehensive model of the
developing telencephalon (Figure 3). Further efforts to induce
opposing morphogenic gradients simultaneously to deliver
complex gradient schemes to recapitulate early neural tube
patterning will undoubtedly propel the field forward.

The advent of subpallial organoids cannot be understated as they
provide crucial insight into the development of GABAergic cell types.
Specifically, the assembloid models have been particularly useful for
examining the mechanisms of interneuron migration in human
cellular context (Xiang et al., 2019; Birey and Pasca, 2022; Roth
et al., 2023). Neurodevelopmental, as well as neurodegenerative,
disease pathology, has shown to be specifically impact the IN
populations of the cortex (Brunet et al., 2020; Crabé et al., 2020;
Xu et al., 2020; Cai et al., 2021). Such is the case in schizophrenia
where the excitatory/inhibitory (E/I) balance of the prefrontal cortex
and the hippocampus are particularly disrupted in patients (Liu et al.,
2021; Uliana et al., 2024). Likewise, in Huntington’s disease, the
misfolding and aggregation of the mutant Huntingtin Protein
(mHTT) leads to the progressive loss of MSNs that results in the
characteristic motor symptoms as well as cognitive deficits seen in
patients (Han et al., 2010; Ehrlich, 2012; Bunner and Rebec, 2016).
Not only do subpallial organoids provide the opportunity to examine
the development of GABAergic neurons in disease states, but they also
give us a platform for improved pharmaceutical assays. As previously
shown, 3D tissue culture exhibit ECM interactions which better
models tissue abnormality and can be advantageous for drug
toxicity screenings specific to humans (Langhans, 2018; Zhou
et al., 2023). To date, many groups have used neural organoids to
study the compound effects on developing neural tissue (Lee et al.,
2017; Arzua et al., 2020; Dang et al., 2021). One group has even used

midbrain organoids for a high throughput toxicity screening of
84 compounds further punctuating the effectiveness of neural
organoids for pharmacological testing (Renner et al., 2021). The
continued refinement and adaptation of subpallial organoid models
will be instrumental in advancing our understanding of human fetal
subpallium development, with far-reaching potential for future
discoveries. As such, the incorporation of a 3D neural model as a
tool for drug discovery holds great promise for the future personalized
medicine in patient populations.

Author contributions

NP:Conceptualization,Writing–original draft,Writing–review and
editing. YS: Writing–review and editing. CP: Writing–review and
editing, Conceptualization, Funding acquisition,Writing–original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported in part by the following funding sources: R01MH122519 to
CP. R21 MH130843 to YS. and CP. T32 GM135096 to NP.

Acknowledgments

We thank members of the Pak and Sun labs for helpful
discussion on ideas and concepts included in this manuscript.

FIGURE 3
Bioengineered methods for dorsoventral patterning of the human forebrain. Exciting prospects for the spatiotemporal patterning of forebrain
organoids. Regionally specified neural organoids are commonly fused to form assembloids using a static approach relying on gravity or ECM to establish
prolonged tissue contact. Microfluidics offer highly tunable environments capable of establishingmorphogen gradients in vitro. Using specified bioink, 3D
bioprinting could provide a method for generating organoids with controlled spatial patterning. Light induced stimulation not only provides an
avenue for manipulating neural activity, but also for the photoactivatable transcription of key patterning molecules for control of spatiotemporal
patterning. Establishing a morphogen concentration gradient by leveraging passive diffusion offers an easy-to-use platform capable of inducing tissue
patterning within neural organoids. Created by using Biorender.com

Frontiers in Genetics frontiersin.org12

Pavon et al. 10.3389/fgene.2024.1440583

https://www.Biorender.com
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1440583


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adil, M. M., Gaj, T., Rao, A. T., Kulkarni, R. U., Fuentes, C. M., Ramadoss, G. N., et al.
(2018). hPSC-derived striatal cells generated using a scalable 3D hydrogel promote
recovery in a Huntington disease mouse model. Stem Cell Rep. 10, 1481–1491. doi:10.
1016/j.stemcr.2018.03.007

Al-Jaberi, N., Lindsay, S., Sarma, S., Bayatti, N., and Clowry, G. J. (2015). The early
fetal development of human neocortical GABAergic interneurons. Cereb. Cortex 25,
631–645. doi:10.1093/cercor/bht254

Amimoto, N., Nishimura, K., Shimohama, S., and Takata, K. (2021). Generation
of striatal neurons from human induced pluripotent stem cells by controlling
extrinsic signals with small molecules. Stem Cell Res. 55, 102486. doi:10.1016/j.
scr.2021.102486

Amin, N. D., Kelley, K. W., Hao, J., Miura, Y., Narazaki, G., Li, T., et al. (2023).
Generating human neural diversity with a multiplexed morphogen screen in organoids.
bioRxiv. doi:10.1101/2023.05.31.541819

Anderson, S. A., Eisenstat, D. D., Shi, L., and Rubenstein, J. L. R. (1997). Interneuron
migration from basal forebrain to neocortex: dependence on dlx genes. Science 278,
474–476. doi:10.1126/science.278.5337.474

Andrews, M. G., Siebert, C., Wang, L., White, M. L., Ross, J., Morales, R., et al. (2023).
LIF signaling regulates outer radial glial to interneuron fate during human cortical
development. Cell Stem Cell 30, 1382–1391.e5. doi:10.1016/j.stem.2023.08.009

Antonopoulos, J., Papadopoulos, G. C., Michaloudi, H., Cavanagh, M. E., and
Parnavelas, J. G. (1992). Postnatal development of neuropeptide Y-containing
neurons in the visual cortex of normal- and dark-reared rats. Neurosci. Lett. 145,
75–78. doi:10.1016/0304-3940(92)90207-N

Arber, C., Precious, S. V., Cambray, S., Risner-Janiczek, J. R., Kelly, C., Noakes, Z.,
et al. (2015). Activin A directs striatal projection neuron differentiation of human
pluripotent stem cells. Development 142, 1375–1386. doi:10.1242/dev.117093

Arlotta, P., Molyneaux, B. J., Jabaudon, D., Yoshida, Y., and Macklis, J. D. (2008).
Ctip2 controls the differentiation of medium Spiny neurons and the establishment of
the cellular architecture of the striatum. J. Neurosci. 28, 622–632. doi:10.1523/
JNEUROSCI.2986-07.2008

Arzua, T., Yan, Y., Jiang, C., Logan, S., Allison, R. L., Wells, C., et al. (2020). Modeling
alcohol-induced neurotoxicity using human induced pluripotent stem cell-derived
three-dimensional cerebral organoids. Transl. Psychiatry 10, 347. doi:10.1038/
s41398-020-01029-4

Backman, M., Machon, O., Mygland, L., van den Bout, C. J., Zhong, W., Taketo, M.
M., et al. (2005). Effects of canonical Wnt signaling on dorso-ventral specification of the
mouse telencephalon. Dev. Biol. 279, 155–168. doi:10.1016/j.ydbio.2004.12.010

Bagley, J. A., Reumann, D., Bian, S., Lévi-Strauss, J., and Knoblich, J. A. (2017). Fused
cerebral organoids model interactions between brain regions. Nat. Methods 14,
743–751. doi:10.1038/nmeth.4304

Barmpa, K., Saraiva, C., Gomez-Giro, G., Gabassi, E., Spitz, S., Brandauer, K., et al.
(2023). Age-induced midbrain-striatum assembloids model early phenotypes of
Parkinson’s disease. 564305. doi:10.1101/2023.10.28.564305

Bartolini, G., Ciceri, G., andMarín, O. (2013). Integration of GABAergic interneurons
into cortical cell assemblies: lessons from embryos and adults. Neuron 79, 849–864.
doi:10.1016/j.neuron.2013.08.014

Bastaki, F., Nair, P., Mohamed, M., Malik, E. M., Helmi, M., Al-Ali, M. T., et al.
(2017). Identification of a novel CTCF mutation responsible for syndromic
intellectual disability – a case report. BMC Med. Genet. 18, 68. doi:10.1186/
s12881-017-0429-0

Birey, F., Andersen, J., Makinson, C. D., Islam, S., Wei, W., Huber, N., et al. (2017).
Assembly of functionally integrated human forebrain spheroids. Nature 545, 54–59.
doi:10.1038/nature22330

Birey, F., and Pasca, S. P. (2022). Imaging neuronal migration and network activity in
human forebrain assembloids. Star. Protoc. 3, 101478. doi:10.1016/j.xpro.2022.101478

Bodor, Á. L., Katona, I., Nyíri, G., Mackie, K., Ledent, C., Hájos, N., et al. (2005).
Endocannabinoid signaling in rat somatosensory cortex: laminar differences and
involvement of specific interneuron types. J. Neurosci. 25, 6845–6856. doi:10.1523/
JNEUROSCI.0442-05.2005

Bortone, D., and Polleux, F. (2009). KCC2 expression promotes the termination of
cortical interneuron migration in a voltage-sensitive calcium-dependent manner.
Neuron 62, 53–71. doi:10.1016/j.neuron.2009.01.034

Brady, M. V., Mariani, J., Koca, Y., Szekely, A., King, R. A., Bloch, M. H., et al. (2022).
Mispatterning and interneuron deficit in tourette syndrome basal ganglia organoids.
Mol. Psychiatry 27, 5007–5019. doi:10.1038/s41380-022-01880-5

Brunet, A., Stuart-Lopez, G., Burg, T., Scekic-Zahirovic, J., and Rouaux, C. (2020).
Cortical circuit dysfunction as a potential driver of amyotrophic lateral sclerosis. Front.
Neurosci. 14, 363. doi:10.3389/fnins.2020.00363

Bunner, K. D., and Rebec, G. V. (2016). Corticostriatal dysfunction in Huntington’s
disease: the basics. Front. Hum. Neurosci. 10, 317. doi:10.3389/fnhum.2016.00317

Cai, Y., Nielsen, B. E., Boxer, E. E., Aoto, J., and Ford, C. P. (2021). Loss of nigral
excitation of cholinergic interneurons contributes to parkinsonian motor impairments.
Neuron 109, 1137–1149.e5. doi:10.1016/j.neuron.2021.01.028

Cao, S.-Y., Tao, M.-D., Lou, S.-N., Yang, D., Lin, Y.-H., Wu, H.-Y., et al. (2023).
Functional reconstruction of the impaired cortex and motor function by hMGEOs
transplantation in stroke. Biochem. Biophysical Res. Commun. 671, 87–95. doi:10.1016/j.
bbrc.2023.06.010

Carlos, J. A. D., López-Mascaraque, L., and Valverde, F. (1996). Dynamics of cell
migration from the lateral ganglionic eminence in the rat. J. Neurosci. 16, 6146–6156.
doi:10.1523/JNEUROSCI.16-19-06146.1996

Cauli, B., Zhou, X., Tricoire, L., Toussay, X., and Staiger, J. F. (2014). Revisiting
enigmatic cortical calretinin-expressing interneurons. Front. Neuroanat. 8, 52. doi:10.
3389/fnana.2014.00052

Cederquist, G. Y., Asciolla, J. J., Tchieu, J., Walsh, R. M., Cornacchia, D., Resh, M. D.,
et al. (2019). Specification of positional identity in forebrain organoids. Nat. Biotechnol.
37, 436–444. doi:10.1038/s41587-019-0085-3

Chambers, S. M., Fasano, C. A., Papapetrou, E. P., Tomishima, M., Sadelain, M., and
Studer, L. (2009). Highly efficient neural conversion of human ES and iPS cells by dual
inhibition of SMAD signaling. Nat. Biotechnol. 27, 275–280. doi:10.1038/nbt.1529

Chatzi, C., Brade, T., and Duester, G. (2011). Retinoic acid functions as a key
GABAergic differentiation signal in the basal ganglia. PLoS Biol. 9, e1000609. doi:10.
1371/journal.pbio.1000609

Chatzi, C., Cunningham, T. J., and Duester, G. (2013). Investigation of retinoic acid
function during embryonic brain development using retinaldehyde-rescued
Rdh10 knockout mice. Dev. Dyn. 242, 1056–1065. doi:10.1002/dvdy.23999

Chen, J. K., Taipale, J., Young, K. E., Maiti, T., and Beachy, P. A. (2002). Small
molecule modulation of Smoothened activity. Proc. Natl. Acad. Sci. U. S. A. 99,
14071–14076. doi:10.1073/pnas.182542899

Chen, X., Saiyin, H., Liu, Y., Wang, Y., Li, X., Ji, R., et al. (2022). Human striatal
organoids derived from pluripotent stem cells recapitulate striatal development and
compartments. PLoS Biol. 20, e3001868. doi:10.1371/journal.pbio.3001868

Clowry, G. J. (2015). An enhanced role and expanded developmental origins for
gamma-aminobutyric acidergic interneurons in the human cerebral cortex. J. Anat. 227,
384–393. doi:10.1111/joa.12198

Cosson, S., and Lutolf, M. P. (2014). Hydrogel microfluidics for the patterning of
pluripotent stem cells. Sci. Rep. 4, 4462. doi:10.1038/srep04462

Crabé, R., Aimond, F., Gosset, P., Scamps, F., and Raoul, C. (2020). How degeneration
of cells surrounding motoneurons contributes to amyotrophic lateral sclerosis. Cells 9,
2550. doi:10.3390/cells9122550

Crittenden, J. R., and Graybiel, A. M. (2011). Basal ganglia disorders associated with
imbalances in the striatal striosome and matrix compartments. Front. Neuroanat. 5, 59.
doi:10.3389/fnana.2011.00059

Cunningham, C. L., Martínez-Cerdeño, V., and Noctor, S. C. (2013). Diversity of
neural precursor cell types in the prenatal macaque cerebral cortex exists largely within
the astroglial cell lineage. PLoS One 8, e63848. doi:10.1371/journal.pone.0063848

Dang, J., Tiwari, S. K., Agrawal, K., Hui, H., Qin, Y., and Rana, T. M. (2021). Glial cell
diversity and methamphetamine-induced neuroinflammation in human cerebral
organoids. Mol. Psychiatry 26, 1194–1207. doi:10.1038/s41380-020-0676-x

Frontiers in Genetics frontiersin.org13

Pavon et al. 10.3389/fgene.2024.1440583

https://doi.org/10.1016/j.stemcr.2018.03.007
https://doi.org/10.1016/j.stemcr.2018.03.007
https://doi.org/10.1093/cercor/bht254
https://doi.org/10.1016/j.scr.2021.102486
https://doi.org/10.1016/j.scr.2021.102486
https://doi.org/10.1101/2023.05.31.541819
https://doi.org/10.1126/science.278.5337.474
https://doi.org/10.1016/j.stem.2023.08.009
https://doi.org/10.1016/0304-3940(92)90207-N
https://doi.org/10.1242/dev.117093
https://doi.org/10.1523/JNEUROSCI.2986-07.2008
https://doi.org/10.1523/JNEUROSCI.2986-07.2008
https://doi.org/10.1038/s41398-020-01029-4
https://doi.org/10.1038/s41398-020-01029-4
https://doi.org/10.1016/j.ydbio.2004.12.010
https://doi.org/10.1038/nmeth.4304
https://doi.org/10.1101/2023.10.28.564305
https://doi.org/10.1016/j.neuron.2013.08.014
https://doi.org/10.1186/s12881-017-0429-0
https://doi.org/10.1186/s12881-017-0429-0
https://doi.org/10.1038/nature22330
https://doi.org/10.1016/j.xpro.2022.101478
https://doi.org/10.1523/JNEUROSCI.0442-05.2005
https://doi.org/10.1523/JNEUROSCI.0442-05.2005
https://doi.org/10.1016/j.neuron.2009.01.034
https://doi.org/10.1038/s41380-022-01880-5
https://doi.org/10.3389/fnins.2020.00363
https://doi.org/10.3389/fnhum.2016.00317
https://doi.org/10.1016/j.neuron.2021.01.028
https://doi.org/10.1016/j.bbrc.2023.06.010
https://doi.org/10.1016/j.bbrc.2023.06.010
https://doi.org/10.1523/JNEUROSCI.16-19-06146.1996
https://doi.org/10.3389/fnana.2014.00052
https://doi.org/10.3389/fnana.2014.00052
https://doi.org/10.1038/s41587-019-0085-3
https://doi.org/10.1038/nbt.1529
https://doi.org/10.1371/journal.pbio.1000609
https://doi.org/10.1371/journal.pbio.1000609
https://doi.org/10.1002/dvdy.23999
https://doi.org/10.1073/pnas.182542899
https://doi.org/10.1371/journal.pbio.3001868
https://doi.org/10.1111/joa.12198
https://doi.org/10.1038/srep04462
https://doi.org/10.3390/cells9122550
https://doi.org/10.3389/fnana.2011.00059
https://doi.org/10.1371/journal.pone.0063848
https://doi.org/10.1038/s41380-020-0676-x
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1440583


Demers, C. J., Soundararajan, P., Chennampally, P., Cox, G. A., Briscoe, J., Collins, S.
D., et al. (2016). Development-on-chip: in vitro neural tube patterning with a
microfluidic device. Development 143, 1884–1892. doi:10.1242/dev.126847

Ehrlich, M. E. (2012). Huntington’s disease and the striatal medium Spiny neuron:
cell-autonomous and non-cell-autonomous mechanisms of disease. Neurotherapeutics
9, 270–284. doi:10.1007/s13311-012-0112-2

Ericson, J., Muhr, J., Placzek, M., Lints, T., Jessel, T. M., and Edlund, T. (1995). Sonic
hedgehog induces the differentiation of ventral forebrain neurons: a common signal for
ventral patterning within the neural tube. Cell 81, 747–756. doi:10.1016/0092-8674(95)
90536-7

Fishell, G., and Kepecs, A. (2020). Interneuron types as attractors and controllers.
Annu. Rev. Neurosci. 43, 1–30. doi:10.1146/annurev-neuro-070918-050421

Flames, N., Pla, R., Gelman, D. M., Rubenstein, J. L. R., Puelles, L., and Marín, O.
(2007). Delineation of multiple subpallial progenitor domains by the combinatorial
expression of transcriptional codes. J. Neurosci. 27, 9682–9695. doi:10.1523/
JNEUROSCI.2750-07.2007

Floruta, C. M., Du, R., Kang, H., Stein, J. L., andWeick, J. P. (2017). Default patterning
produces pan-cortical glutamatergic and CGE/LGE-like GABAergic neurons from
human pluripotent stem cells. Stem Cell Rep. 9, 1463–1476. doi:10.1016/j.stemcr.
2017.09.023

Frazer, S., Prados, J., Niquille, M., Cadilhac, C., Markopoulos, F., Gomez, L., et al.
(2017). Transcriptomic and anatomic parcellation of 5-HT3AR expressing cortical
interneuron subtypes revealed by single-cell RNA sequencing. Nat. Commun. 8, 14219.
doi:10.1038/ncomms14219

Fujiyama, F., Sohn, J., Nakano, T., Furuta, T., Nakamura, K. C., Matsuda, W., et al.
(2011). Exclusive and common targets of neostriatofugal projections of rat striosome
neurons: a single neuron-tracing study using a viral vector. Eur. J. Neurosci. 33, 668–677.
doi:10.1111/j.1460-9568.2010.07564.x

Gabay, L., Lowell, S., Rubin, L. L., and Anderson, D. J. (2003). Deregulation of
dorsoventral patterning by FGF confers trilineage differentiation capacity on CNS stem
cells in vitro. Neuron 40, 485–499. doi:10.1016/S0896-6273(03)00637-8

Gabriel, E., Albanna, W., Pasquini, G., Ramani, A., Josipovic, N., Mariappan, A., et al.
(2021). Human brain organoids assemble functionally integrated bilateral optic vesicles.
Cell Stem Cell 28, 1740–1757.e8. doi:10.1016/j.stem.2021.07.010

Gao, G., Ahn, M., Cho, W.-W., Kim, B.-S., and Cho, D.-W. (2021). 3D printing of
pharmaceutical application: drug screening and drug delivery. Pharmaceutics 13, 1373.
doi:10.3390/pharmaceutics13091373

Gavalas, A., and Krumlauf, R. (2000). Retinoid signalling and hindbrain patterning.
Curr. Opin. Genet. & Dev. 10, 380–386. doi:10.1016/S0959-437X(00)00100-3

Gerfen, C. R. (1992). The neostriatal mosaic: multiple levels of compartmental
organization, Trends Neurosci. 15, 133, 139. doi:10.1016/0166-2236(92)90355-c

Gerfen, C. R., Engber, T. M., Mahan, L. C., Susel, Z., Chase, T. N., Monsma, F. J., et al.
(1990). D1 and D2 dopamine receptor-regulated gene expression of striatonigral and
striatopallidal neurons. Science 250, 1429–1432. doi:10.1126/science.2147780

Gonchar, Y., and Burkhalter, A. (1999). Differential subcellular localization of
forward and feedback interareal inputs to parvalbumin expressing GABAergic
neurons in rat visual cortex. J. Comp. Neurology 406, 346–360. doi:10.1002/(SICI)
1096-9861(19990412)406:3<346::AID-CNE4>3.0.CO;2-E
Götz, M., and Bolz, J. (1994). Differentiation of transmitter phenotypes in rat cerebral

cortex. Eur. J. Neurosci. 6, 18–32. doi:10.1111/j.1460-9568.1994.tb00244.x

Gulacsi, A. A., and Anderson, S. A. (2008). Beta-catenin-mediated Wnt signaling
regulates neurogenesis in the ventral telencephalon. Nat. Neurosci. 11, 1383–1391.
doi:10.1038/nn.2226

Gutin, G., Fernandes, M., Palazzolo, L., Paek, H., Yu, K., Ornitz, D. M., et al. (2006).
FGF signalling generates ventral telencephalic cells independently of SHH.Development
133, 2937–2946. doi:10.1242/dev.02465

Han, I., You, Y., Kordower, J. H., Brady, S. T., and Morfini, G. A. (2010). Differential
vulnerability of neurons in Huntington’s disease: the role of cell type-specific features.
J. Neurochem. 113, 1073–1091. doi:10.1111/j.1471-4159.2010.06672.x

Harrison-Uy, S. J., and Pleasure, S. J. (2012). Wnt signaling and forebrain
development. Cold Spring Harb. Perspect. Biol. 4, a008094. doi:10.1101/cshperspect.
a008094

Hébert, J. M., and Fishell, G. (2008). The genetics of early telencephalon patterning:
some assembly required. Nat. Rev. Neurosci. 9, 678–685. doi:10.1038/nrn2463

Houart, C., Westerfield, M., and Wilson, S. W. (1998). A small population of anterior
cells patterns the forebrain during zebrafish gastrulation. Nature 391, 788–792. doi:10.
1038/35853

Huang, Z. J., and Paul, A. (2019). The diversity of GABAergic neurons and neural
communication elements. Nat. Rev. Neurosci. 20, 563–572. doi:10.1038/s41583-019-
0195-4

Kadoshima, T., Sakaguchi, H., Nakano, T., Soen, M., Ando, S., Eiraku, M., et al.
(2013). Self-organization of axial polarity, inside-out layer pattern, and species-specific
progenitor dynamics in human ES cell–derived neocortex. Proc. Natl. Acad. Sci. 110,
20284–20289. doi:10.1073/pnas.1315710110

Kawaguchi, Y. (1997). Neostriatal cell subtypes and their functional roles. Neurosci.
Res. 27, 1–8. doi:10.1016/S0168-0102(96)01134-0

Kepecs, A., and Fishell, G. (2014). Interneuron cell types: fit to form and formed to fit.
Nature 505, 318–326. doi:10.1038/nature12983

Kim, J. H., Sim, J., and Kim, H.-J. (2018). Neural stem cell differentiation using
microfluidic device-generated growth factor gradient. Biomol. Ther. Seoul. 26, 380–388.
doi:10.4062/biomolther.2018.001

Krajka, V., Naujock, M., Pauly, M. G., Stengel, F., Meier, B., Stanslowsky, N., et al.
(2021). Ventral telencephalic patterning protocols for induced pluripotent stem cells.
Front. Cell Dev. Biol. 9, 716249. doi:10.3389/fcell.2021.716249

Kuschel, S., Rüther, U., and Theil, T. (2003). A disrupted balance between Bmp/Wnt
and Fgf signaling underlies the ventralization of the Gli3 mutant telencephalon. Dev.
Biol. 260, 484–495. doi:10.1016/S0012-1606(03)00252-5

Kwiatkowski, B. A., Kirillova, I., Richard, R. E., Israeli, D., and Yablonka-Reuveni, Z.
(2008). FGFR4 and its novel splice form inmyogenic cells: interplay of glycosylation and
tyrosine phosphorylation. J. Cell Physiol. 215, 803–817. doi:10.1002/jcp.21365

Langhans, S. A. (2018). Three-Dimensional in vitro cell culture models in drug
discovery and drug repositioning. Front. Pharmacol. 9, 6. doi:10.3389/fphar.2018.00006

Larsen, Z. H., Chander, P., Joyner, J. A., Floruta, C. M., Demeter, T. L., andWeick, J. P.
(2016). Effects of ethanol on cellular composition and network excitability of human
pluripotent stem cell-derived neurons. Alcohol Clin. Exp. Res. 40, 2339–2350. doi:10.
1111/acer.13218

Lavdas, A. A., Grigoriou, M., Pachnis, V., and Parnavelas, J. G. (1999). The medial
ganglionic eminence gives rise to a population of early neurons in the developing
cerebral cortex. J. Neurosci. 19, 7881–7888. doi:10.1523/JNEUROSCI.19-18-07881.
1999

Lee, C.-T., Chen, J., Kindberg, A. A., Bendriem, R. M., Spivak, C. E., Williams, M. P.,
et al. (2017). CYP3A5 mediates effects of cocaine on human neocorticogenesis: studies
using an in vitro 3D self-organized hPSC model with a single cortex-like unit.
Neuropsychopharmacology 42, 774–784. doi:10.1038/npp.2016.156

Legnini, I., Emmenegger, L., Zappulo, A., Rybak-Wolf, A., Wurmus, R., Martinez, A.
O., et al. (2023). Spatiotemporal, optogenetic control of gene expression in organoids.
Nat. Methods 20, 1544–1552. doi:10.1038/s41592-023-01986-w

Letinic, K., Zoncu, R., and Rakic, P. (2002). Origin of GABAergic neurons in the
human neocortex. Nature 417, 645–649. doi:10.1038/nature00779

Lim, L., Mi, D., Llorca, A., and Marín, O. (2018a). Development and functional
diversification of cortical interneurons. Neuron 100, 294–313. doi:10.1016/j.neuron.
2018.10.009

Lim, L., Pakan, J. M. P., Selten, M. M., Marques-Smith, A., Llorca, A., Bae, S. E., et al.
(2018b). Optimization of interneuron function by direct coupling of cell migration and
axonal targeting. Nat. Neurosci. 21, 920–931. doi:10.1038/s41593-018-0162-9

Liu, C., Fu, Z., Wu, S., Wang, X., Zhang, S., Chu, C., et al. (2022). Mitochondrial
HSF1 triggers mitochondrial dysfunction and neurodegeneration in Huntington’s
disease. EMBO Mol. Med. 14, e15851. doi:10.15252/emmm.202215851

Liu, Y., Ouyang, P., Zheng, Y., Mi, L., Zhao, J., Ning, Y., et al. (2021). A selective review
of the excitatory-inhibitory imbalance in schizophrenia: underlying biology, genetics,
microcircuits, and symptoms. Front. Cell Dev. Biol. 9, 664535. doi:10.3389/fcell.2021.
664535

Lupo, G., Novorol, C., Smith, J. R., Vallier, L., Miranda, E., Alexander, M., et al. (2013).
Multiple roles of Activin/Nodal, bone morphogenetic protein, fibroblast growth factor
and Wnt/β-catenin signalling in the anterior neural patterning of adherent human
embryonic stem cell cultures. Open Biol. 3, 120167. doi:10.1098/rsob.120167

Ma, L., Hu, B., Liu, Y., Vermilyea, S. C., Liu, H., Gao, L., et al. (2012). Human
embryonic stem cell-derived GABA neurons correct locomotion deficits in quinolinic
acid-lesioned mice. Cell Stem Cell 10, 455–464. doi:10.1016/j.stem.2012.01.021

Magni, M., Bossi, B., Conforti, P., Galimberti, M., Dezi, F., Lischetti, T., et al. (2022).
Brain regional identity and cell type specificity landscape of human cortical organoid
models. Int. J. Mol. Sci. 23, 13159. doi:10.3390/ijms232113159

Maretto, S., Cordenonsi, M., Dupont, S., Braghetta, P., Broccoli, V., Hassan, A. B.,
et al. (2003). Mapping Wnt/beta-catenin signaling during mouse development and in
colorectal tumors. Proc. Natl. Acad. Sci. U. S. A. 100, 3299–3304. doi:10.1073/pnas.
0434590100

Mariani, J., Simonini, M. V., Palejev, D., Tomasini, L., Coppola, G., Szekely, A. M.,
et al. (2012). Modeling human cortical development in vitro using induced pluripotent
stem cells. Proc. Natl. Acad. Sci. U. S. A. 109, 12770–12775. doi:10.1073/pnas.
1202944109

Marín, O., Anderson, S. A., and Rubenstein, J. L. R. (2000). Origin and molecular
specification of striatal interneurons. J. Neurosci. 20, 6063–6076. doi:10.1523/
JNEUROSCI.20-16-06063.2000

Marín, O., and Rubenstein, J. L. R. (2001). A long, remarkable journey: tangential
migration in the telencephalon. Nat. Rev. Neurosci. 2, 780–790. doi:10.1038/35097509

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., and Wu, C.
(2004). Interneurons of the neocortical inhibitory system. Nat. Rev. Neurosci. 5,
793–807. doi:10.1038/nrn1519

Frontiers in Genetics frontiersin.org14

Pavon et al. 10.3389/fgene.2024.1440583

https://doi.org/10.1242/dev.126847
https://doi.org/10.1007/s13311-012-0112-2
https://doi.org/10.1016/0092-8674(95)90536-7
https://doi.org/10.1016/0092-8674(95)90536-7
https://doi.org/10.1146/annurev-neuro-070918-050421
https://doi.org/10.1523/JNEUROSCI.2750-07.2007
https://doi.org/10.1523/JNEUROSCI.2750-07.2007
https://doi.org/10.1016/j.stemcr.2017.09.023
https://doi.org/10.1016/j.stemcr.2017.09.023
https://doi.org/10.1038/ncomms14219
https://doi.org/10.1111/j.1460-9568.2010.07564.x
https://doi.org/10.1016/S0896-6273(03)00637-8
https://doi.org/10.1016/j.stem.2021.07.010
https://doi.org/10.3390/pharmaceutics13091373
https://doi.org/10.1016/S0959-437X(00)00100-3
https://doi.org/10.1016/0166-2236(92)90355-c
https://doi.org/10.1126/science.2147780
https://doi.org/10.1002/(SICI)1096-9861(19990412)406:3<346::AID-CNE4>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1096-9861(19990412)406:3<346::AID-CNE4>3.0.CO;2-E
https://doi.org/10.1111/j.1460-9568.1994.tb00244.x
https://doi.org/10.1038/nn.2226
https://doi.org/10.1242/dev.02465
https://doi.org/10.1111/j.1471-4159.2010.06672.x
https://doi.org/10.1101/cshperspect.a008094
https://doi.org/10.1101/cshperspect.a008094
https://doi.org/10.1038/nrn2463
https://doi.org/10.1038/35853
https://doi.org/10.1038/35853
https://doi.org/10.1038/s41583-019-0195-4
https://doi.org/10.1038/s41583-019-0195-4
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1016/S0168-0102(96)01134-0
https://doi.org/10.1038/nature12983
https://doi.org/10.4062/biomolther.2018.001
https://doi.org/10.3389/fcell.2021.716249
https://doi.org/10.1016/S0012-1606(03)00252-5
https://doi.org/10.1002/jcp.21365
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.1111/acer.13218
https://doi.org/10.1111/acer.13218
https://doi.org/10.1523/JNEUROSCI.19-18-07881.1999
https://doi.org/10.1523/JNEUROSCI.19-18-07881.1999
https://doi.org/10.1038/npp.2016.156
https://doi.org/10.1038/s41592-023-01986-w
https://doi.org/10.1038/nature00779
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1038/s41593-018-0162-9
https://doi.org/10.15252/emmm.202215851
https://doi.org/10.3389/fcell.2021.664535
https://doi.org/10.3389/fcell.2021.664535
https://doi.org/10.1098/rsob.120167
https://doi.org/10.1016/j.stem.2012.01.021
https://doi.org/10.3390/ijms232113159
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1073/pnas.1202944109
https://doi.org/10.1073/pnas.1202944109
https://doi.org/10.1523/JNEUROSCI.20-16-06063.2000
https://doi.org/10.1523/JNEUROSCI.20-16-06063.2000
https://doi.org/10.1038/35097509
https://doi.org/10.1038/nrn1519
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1440583


Mayer, C., Hafemeister, C., Bandler, R. C., Machold, R., Brito, R. B., Jaglin, X., et al.
(2018). Developmental diversification of cortical inhibitory interneurons. Nature 555,
457–462. doi:10.1038/nature25999

Meng, X., Yu, X., Lu, Y., Pei, Z., Wang, G., Qi, M., et al. (2023). Electrical stimulation
induced structural 3D human engineered neural tissue with well-developed neuronal
network and functional connectivity. J. Neural Eng. 20, 046009. doi:10.1088/1741-2552/
ace658

Mione, M., Danevic, C., Boardman, P., Harris, B., and Parnavelas, J. (1994). Lineage
analysis reveals neurotransmitter (GABA or glutamate) but not calcium-binding
protein homogeneity in clonally related cortical neurons. J. Neurosci. 14, 107–123.
doi:10.1523/JNEUROSCI.14-01-00107.1994

Miura, Y., Li, M.-Y., Birey, F., Ikeda, K., Revah, O., Thete, M. V., et al. (2020).
Generation of human striatal organoids and cortico-striatal assembloids from human
pluripotent stem cells. Nat. Biotechnol. 38, 1421–1430. doi:10.1038/s41587-020-
00763-w

Miyoshi, G., Butt, S. J. B., Takebayashi, H., and Fishell, G. (2007). Physiologically
distinct temporal cohorts of cortical interneurons arise from telencephalic olig2-
expressing precursors. J. Neurosci. 27, 7786–7798. doi:10.1523/JNEUROSCI.1807-07.
2007

Miyoshi, G., Hjerling-Leffler, J., Karayannis, T., Sousa, V. H., Butt, S. J. B., Battiste, J.,
et al. (2010). Genetic fate mapping reveals that the caudal ganglionic eminence produces
a large and diverse population of superficial cortical interneurons. J. Neurosci. 30,
1582–1594. doi:10.1523/JNEUROSCI.4515-09.2010

Molotkova, N., Molotkov, A., and Duester, G. (2007). Role of retinoic acid during
forebrain development begins late when Raldh3 generates retinoic acid in the ventral
subventricular zone. Dev. Biol. 303, 601–610. doi:10.1016/j.ydbio.2006.11.035

Obst, K., Bronzel, M., andWahle, P. (1998). Visual activity is required to maintain the
phenotype of supragranular NPY neurons in rat area 17. Eur. J. Neurosci. 10,
1422–1428. doi:10.1046/j.1460-9568.1998.00146.x

Ornitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A., Coulier, F., et al.
(1996). Receptor specificity of the fibroblast growth factor family. J. Biol. Chem. 271,
15292–15297. doi:10.1074/jbc.271.25.15292

Pappas, I. S., and Parnavelas, J. G. (1998). Basic fibroblast growth factor promotes the
generation and differentiation of calretinin neurons in the rat cerebral cortex in vitro:
European Journal of Neuroscience. Eur. J. Neurosci. 10, 1436–1445. doi:10.1046/j.1460-
9568.1998.00147.x

Paşca, A. M., Sloan, S. A., Clarke, L. E., Tian, Y., Makinson, C. D., Huber, N., et al.
(2015). Functional cortical neurons and astrocytes from human pluripotent stem cells in
3D culture. Nat. Methods 12, 671–678. doi:10.1038/nmeth.3415

Pavon, N., Diep, K., Yang, F., Sebastian, R., Martinez-Martin, B., Ranjan, R., et al.
(2024). Patterning ganglionic eminences in developing human brain organoids using a
morphogen gradient inducing device. Cell RepMethods 4, 100689. doi:10.1016/j.crmeth.
2023.100689

Pham, M. T., Pollock, K. M., Rose, M. D., Cary, W. A., Stewart, H. R., Zhou, P., et al.
(2018). Generation of human vascularized brain organoids. NeuroReport 29, 588–593.
doi:10.1097/WNR.0000000000001014

Quadrato, G., Nguyen, T., Macosko, E. Z., Sherwood, J. L., Yang, S. M., Berger, D.,
et al. (2017). Cell diversity and network dynamics in photosensitive human brain
organoids. Nature 545, 48–53. doi:10.1038/nature22047

Radonjić, N. V., Ayoub, A. E., Memi, F., Yu, X., Maroof, A., Jakovcevski, I., et al.
(2014). Diversity of cortical interneurons in primates: the role of the dorsal proliferative
niche. Cell Rep. 9, 2139–2151. doi:10.1016/j.celrep.2014.11.026

Rallu, M., Machold, R., Gaiano, N., Corbin, J. G., McMahon, A. P., and Fishell, G.
(2002). Dorsoventral patterning is established in the telencephalon of mutants lacking
both Gli3 and Hedgehog signaling. Development 129, 4963–4974. doi:10.1242/dev.129.
21.4963

Renner, H., Becker, K. J., Kagermeier, T. E., Grabos, M., Eliat, F., Günther, P., et al.
(2021). Cell-type-specific high throughput toxicity testing in human midbrain
organoids. Front. Mol. Neurosci. 14, 715054. doi:10.3389/fnmol.2021.715054

Rifes, P., Isaksson, M., Rathore, G. S., Aldrin-Kirk, P., Møller, O. K., Barzaghi, G., et al.
(2020). Modeling neural tube development by differentiation of human embryonic stem
cells in a microfluidic WNT gradient. Nat. Biotechnol. 38, 1265–1273. doi:10.1038/
s41587-020-0525-0

Roth, J. G., Brunel, L. G., Huang, M. S., Liu, Y., Cai, B., Sinha, S., et al. (2023). Spatially
controlled construction of assembloids using bioprinting. Nat. Commun. 14, 4346.
doi:10.1038/s41467-023-40006-5

Rudy, B., Fishell, G., Lee, S., and Hjerling-Leffler, J. (2011). Three groups of
interneurons account for nearly 100% of neocortical GABAergic neurons. Dev.
Neurobiol. 71, 45–61. doi:10.1002/dneu.20853

Sawada, T., Barbosa, A. R., Araujo, B., McCord, A. E., D’Ignazio, L., Benjamin, K.
J. M., et al. (2023). Recapitulation of perturbed striatal gene expression dynamics of
donors’ brains with ventral forebrain organoids derived from the same individuals with
schizophrenia. AJP 181, 493–511. doi:10.1176/appi.ajp.20220723

Shen, L., Yuan, F., Hong, Y., Xu, M., Hu, Y., and Liu, Y. (2020). Identification of small
molecules for accelerating the differentiation of GABA interneurons from human
pluripotent stem cells. J. Mol. Cell Biol. 12, 245–248. doi:10.1093/jmcb/mjaa002

Shi, Y., Sun, L., Wang, M., Liu, J., Zhong, S., Li, R., et al. (2020). Vascularized human
cortical organoids (vOrganoids) model cortical development in vivo. PLoS Biol. 18,
e3000705. doi:10.1371/journal.pbio.3000705

Shimamura, K., and Rubenstein, J. L. R. (1997). Inductive interactions direct early
regionalization of the mouse forebrain. Development 124, 2709–2718. doi:10.1242/dev.
124.14.2709

Sinha, S., and Chen, J. K. (2006). Purmorphamine activates the Hedgehog pathway by
targeting Smoothened. Nat. Chem. Biol. 2, 29–30. doi:10.1038/nchembio753

Sloan, S. A., Andersen, J., Pașca, A. M., Birey, F., and Pașca, S. P. (2018). Generation
and assembly of human brain region-specific three-dimensional cultures. Nat. Protoc.
13, 2062–2085. doi:10.1038/s41596-018-0032-7

Stenman, J., Toresson, H., and Campbell, K. (2003). Identification of two distinct
progenitor populations in the lateral ganglionic eminence: implications for striatal and
olfactory bulb neurogenesis. J. Neurosci. 23, 167–174. doi:10.1523/JNEUROSCI.23-01-
00167.2003

Storm, E. E., Garel, S., Borello, U., Hebert, J. M., Martinez, S., McConnell, S. K., et al.
(2006). Dose-dependent functions of Fgf8 in regulating telencephalic patterning centers.
Development 133, 1831–1844. doi:10.1242/dev.02324

Stumm, R. K., Zhou, C., Ara, T., Lazarini, F., Dubois-Dalcq, M., Nagasawa, T., et al.
(2003). CXCR4 regulates interneuron migration in the developing neocortex.
J. Neurosci. 23, 5123–5130. doi:10.1523/JNEUROSCI.23-12-05123.2003

Tanaka, D., Nakaya, Y., Yanagawa, Y., Obata, K., and Murakami, F. (2003).
Multimodal tangential migration of neocortical GABAergic neurons independent of
GPI-anchored proteins. Development 130, 5803–5813. doi:10.1242/dev.00825

Tanaka, Y., Cakir, B., Xiang, Y., Sullivan, G. J., and Park, I.-H. (2020). Synthetic
analyses of single-cell transcriptomes frommultiple brain organoids and fetal brain. Cell
Rep. 30, 1682–1689. doi:10.1016/j.celrep.2020.01.038

Tiveron, M.-C., Rossel, M., Moepps, B., Zhang, Y. L., Seidenfaden, R., Favor, J., et al.
(2006). Molecular interaction between projection neuron precursors and invading
interneurons via stromal-derived factor 1 (CXCL12)/CXCR4 signaling in the
cortical subventricular zone/intermediate zone. J. Neurosci. 26, 13273–13278. doi:10.
1523/JNEUROSCI.4162-06.2006

Tole, S., Ragsdale, C. W., and Grove, E. A. (2000). Dorsoventral patterning of the
telencephalon is disrupted in the mouse mutant extra-toesJ. Dev. Biol. 217, 254–265.
doi:10.1006/dbio.1999.9509

Tremblay, R., Lee, S., and Rudy, B. (2016). GABAergic interneurons in the neocortex:
from cellular properties to circuits. Neuron 91, 260–292. doi:10.1016/j.neuron.2016.
06.033

Uliana, D. L., Lisboa, J. R. F., Gomes, F. V., and Grace, A. A. (2024). The excitatory-
inhibitory balance as a target for the development of novel drugs to treat schizophrenia.
Biochem. Pharmacol. 116298, 116298. doi:10.1016/j.bcp.2024.116298

Velasco, S., Kedaigle, A. J., Simmons, S. K., Nash, A., Rocha, M., Quadrato, G., et al.
(2019). Individual brain organoids reproducibly form cell diversity of the human
cerebral cortex. Nature 570, 523–527. doi:10.1038/s41586-019-1289-x

Waclaw, R. R., Allen, Z. J., Bell, S. M., Erdélyi, F., Szabó, G., Potter, S. S., et al. (2006).
The zinc finger transcription factor Sp8 regulates the generation and diversity of
olfactory bulb interneurons. Neuron 49, 503–516. doi:10.1016/j.neuron.2006.01.018

Wamsley, B., and Fishell, G. (2017). Genetic and activity-dependent mechanisms
underlying interneuron diversity. Nat. Rev. Neurosci. 18, 299–309. doi:10.1038/nrn.
2017.30

Wang, J., Lu, J., Bond, M. C., Chen, M., Ren, X.-R., Lyerly, H. K., et al. (2010).
Identification of select glucocorticoids as Smoothened agonists: potential utility for
regenerative medicine. Proc. Natl. Acad. Sci. U. S. A. 107, 9323–9328. doi:10.1073/pnas.
0910712107

Watanabe, K., Kamiya, D., Nishiyama, A., Katayama, T., Nozaki, S., Kawasaki, H.,
et al. (2005). Directed differentiation of telencephalic precursors from embryonic stem
cells. Nat. Neurosci. 8, 288–296. doi:10.1038/nn1402

Weick, J. P., Held, D. L., Bonadurer, G. F., Doers, M. E., Liu, Y., Maguire, C., et al.
(2013). Deficits in human trisomy 21 iPSCs and neurons. Proc. Natl. Acad. Sci. U. S. A.
110, 9962–9967. doi:10.1073/pnas.1216575110

Wichterle, H., Lieberam, I., Porter, J. A., and Jessell, T. M. (2002). Directed
differentiation of embryonic stem cells into motor neurons. Cell 110, 385–397.
doi:10.1016/S0092-8674(02)00835-8

Wichterle, H., Turnbull, D. H., Nery, S., Fishell, G., and Alvarez-Buylla, A. (2001). In
utero fate mapping reveals distinct migratory pathways and fates of neurons born in the
mammalian basal forebrain.Development 128, 3759–3771. doi:10.1242/dev.128.19.3759

Wonders, C. P., Welagen, J., Taylor, L., Mbata, I. C., Xiang, J. Z., and Anderson, S. A.
(2008). A spatial bias for the origins of interneuron subgroups within the medial
ganglionic eminence. Dev. Biol. 314, 127–136. doi:10.1016/j.ydbio.2007.11.018

Wu, M., Zhang, D., Bi, C., Mi, T., Zhu, W., Xia, L., et al. (2018). A chemical recipe for
generation of clinical-grade striatal neurons from hESCs. Stem Cell Rep. 11, 635–650.
doi:10.1016/j.stemcr.2018.08.005

Wu, Y., Richard, S., and Parent, A. (2000). The organization of the striatal output
system: a single-cell juxtacellular labeling study in the rat. Neurosci. Res. 38, 49–62.
doi:10.1016/S0168-0102(00)00140-1

Frontiers in Genetics frontiersin.org15

Pavon et al. 10.3389/fgene.2024.1440583

https://doi.org/10.1038/nature25999
https://doi.org/10.1088/1741-2552/ace658
https://doi.org/10.1088/1741-2552/ace658
https://doi.org/10.1523/JNEUROSCI.14-01-00107.1994
https://doi.org/10.1038/s41587-020-00763-w
https://doi.org/10.1038/s41587-020-00763-w
https://doi.org/10.1523/JNEUROSCI.1807-07.2007
https://doi.org/10.1523/JNEUROSCI.1807-07.2007
https://doi.org/10.1523/JNEUROSCI.4515-09.2010
https://doi.org/10.1016/j.ydbio.2006.11.035
https://doi.org/10.1046/j.1460-9568.1998.00146.x
https://doi.org/10.1074/jbc.271.25.15292
https://doi.org/10.1046/j.1460-9568.1998.00147.x
https://doi.org/10.1046/j.1460-9568.1998.00147.x
https://doi.org/10.1038/nmeth.3415
https://doi.org/10.1016/j.crmeth.2023.100689
https://doi.org/10.1016/j.crmeth.2023.100689
https://doi.org/10.1097/WNR.0000000000001014
https://doi.org/10.1038/nature22047
https://doi.org/10.1016/j.celrep.2014.11.026
https://doi.org/10.1242/dev.129.21.4963
https://doi.org/10.1242/dev.129.21.4963
https://doi.org/10.3389/fnmol.2021.715054
https://doi.org/10.1038/s41587-020-0525-0
https://doi.org/10.1038/s41587-020-0525-0
https://doi.org/10.1038/s41467-023-40006-5
https://doi.org/10.1002/dneu.20853
https://doi.org/10.1176/appi.ajp.20220723
https://doi.org/10.1093/jmcb/mjaa002
https://doi.org/10.1371/journal.pbio.3000705
https://doi.org/10.1242/dev.124.14.2709
https://doi.org/10.1242/dev.124.14.2709
https://doi.org/10.1038/nchembio753
https://doi.org/10.1038/s41596-018-0032-7
https://doi.org/10.1523/JNEUROSCI.23-01-00167.2003
https://doi.org/10.1523/JNEUROSCI.23-01-00167.2003
https://doi.org/10.1242/dev.02324
https://doi.org/10.1523/JNEUROSCI.23-12-05123.2003
https://doi.org/10.1242/dev.00825
https://doi.org/10.1016/j.celrep.2020.01.038
https://doi.org/10.1523/JNEUROSCI.4162-06.2006
https://doi.org/10.1523/JNEUROSCI.4162-06.2006
https://doi.org/10.1006/dbio.1999.9509
https://doi.org/10.1016/j.neuron.2016.06.033
https://doi.org/10.1016/j.neuron.2016.06.033
https://doi.org/10.1016/j.bcp.2024.116298
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1016/j.neuron.2006.01.018
https://doi.org/10.1038/nrn.2017.30
https://doi.org/10.1038/nrn.2017.30
https://doi.org/10.1073/pnas.0910712107
https://doi.org/10.1073/pnas.0910712107
https://doi.org/10.1038/nn1402
https://doi.org/10.1073/pnas.1216575110
https://doi.org/10.1016/S0092-8674(02)00835-8
https://doi.org/10.1242/dev.128.19.3759
https://doi.org/10.1016/j.ydbio.2007.11.018
https://doi.org/10.1016/j.stemcr.2018.08.005
https://doi.org/10.1016/S0168-0102(00)00140-1
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1440583


Xiang, Y., Tanaka, Y., Cakir, B., Patterson, B., Kim, K.-Y., Sun, P., et al. (2019). hESC-
derived thalamic organoids form reciprocal projections when fused with cortical
organoids. Cell Stem Cell 24, 487–497.e7. doi:10.1016/j.stem.2018.12.015

Xiang, Y., Tanaka, Y., Patterson, B., Kang, Y.-J., Govindaiah, G., Roselaar, N., et al. (2017).
Fusion of regionally specified hPSC-derived organoids models human brain development
and interneuron migration. Cell Stem Cell 21, 383–398. doi:10.1016/j.stem.2017.07.007

Xu, Q., Guo, L., Moore, H., Waclaw, R. R., Campbell, K., and Anderson, S. A. (2010).
Sonic hedgehog signaling confers ventral telencephalic progenitors with distinct cortical
interneuron fates. Neuron 65, 328–340. doi:10.1016/j.neuron.2010.01.004

Xu, Y., Zhao, M., Han, Y., and Zhang, H. (2020). GABAergic inhibitory interneuron
deficits in alzheimer’s disease: implications for treatment. Front. Neurosci. 14, 660.
doi:10.3389/fnins.2020.00660

Yan, Y., Li, X., Gao, Y., Mathivanan, S., Kong, L., Tao, Y., et al. (2024). 3D bioprinting
of human neural tissues with functional connectivity. Cell Stem Cell 31, 260–274.e7.
doi:10.1016/j.stem.2023.12.009

Yu, W., McDonnell, K., Taketo, M. M., and Bai, C. B. (2008). Wnt signaling
determines ventral spinal cord cell fates in a time-dependent manner. Development
135, 3687–3696. doi:10.1242/dev.021899

Yu, W., Wang, Y., McDonnell, K., Stephen, D., and Bai, C. B. (2009). Patterning of
ventral telencephalon requires positive function of Gli transcription factors. Dev. Biol.
334, 264–275. doi:10.1016/j.ydbio.2009.07.026

Yun, K., Potter, S., and Rubenstein, J. L. R. (2001). Gsh2 and Pax6 play
complementary roles in dorsoventral patterning of the mammalian telencephalon.
Development 128, 193–205. doi:10.1242/dev.128.2.193

Yung, S.-Y., Gokhan, S., Jurcsak, J., Molero, A. E., Abrajano, J. J., and Mehler, M. F.
(2002). Differential modulation of BMP signaling promotes the elaboration of cerebral
cortical GABAergic neurons or oligodendrocytes from a common sonic hedgehog-
responsive ventral forebrain progenitor species. Proc. Natl. Acad. Sci. U. S. A. 99,
16273–16278. doi:10.1073/pnas.232586699

Zhang, X., Ibrahimi, O. A., Olsen, S. K., Umemori, H., Mohammadi, M., and
Ornitz, D. M. (2006). Receptor specificity of the fibroblast growth factor family: THE
complete mammalian FGF family. J. Biol. Chem. 281, 15694–15700. doi:10.1074/jbc.
M601252200

Zhou, J.-Q., Zeng, L.-H., Li, C.-T., He, D.-H., Zhao, H.-D., Xu, Y.-N., et al. (2023).
Brain organoids are new tool for drug screening of neurological diseases. Neural Regen.
Res. 18, 1884–1889. doi:10.4103/1673-5374.367983

Frontiers in Genetics frontiersin.org16

Pavon et al. 10.3389/fgene.2024.1440583

https://doi.org/10.1016/j.stem.2018.12.015
https://doi.org/10.1016/j.stem.2017.07.007
https://doi.org/10.1016/j.neuron.2010.01.004
https://doi.org/10.3389/fnins.2020.00660
https://doi.org/10.1016/j.stem.2023.12.009
https://doi.org/10.1242/dev.021899
https://doi.org/10.1016/j.ydbio.2009.07.026
https://doi.org/10.1242/dev.128.2.193
https://doi.org/10.1073/pnas.232586699
https://doi.org/10.1074/jbc.M601252200
https://doi.org/10.1074/jbc.M601252200
https://doi.org/10.4103/1673-5374.367983
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1440583

	Cell type specification and diversity in subpallial organoids
	1 Introduction
	1.1 A brief introduction to the subpallium and stem cell derived subpallial organoids

	2 Key morphogens for organoid ventralization
	2.1 SHH
	2.2 SAG
	2.3 Pur + rShh
	2.4 Pur
	2.5 WNT
	2.6 FGF
	2.7 Retinoic acid (RA)

	3 Striatal GABAergic neurons generated from subpallial organoids
	3.1 Medium Spiny Neurons (MSNs)
	3.2 Pur patterned striatal-like organoids
	3.3 Recombinant SHH patterned striatal-like organoids
	3.4 RA striatal organoids

	4 Forebrain interneuron subtypes generated from subpallial organoid protocols
	4.1 Somatostatin (SST) interneurons
	4.2 Parvalbumin (PV) interneurons
	4.3 Vasoactive intestinal polypeptide (VIP) interneurons
	4.4 ID2/Lamp5 interneurons
	4.5 Calretinin (CR) interneurons

	5 The default patterning of GABAergic interneurons in cortical organoid protocols
	6 Challenges with current methods in generating mature GABAergic neurons
	7 Future direction
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


