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Psychiatric disorders, such as schizophrenia (SCZ) and autism spectrum disorders (ASD), represent a global health challenge with their poorly understood and complex etiologies. Cortical interneurons (cINs) are the primary inhibitory neurons in the cortex and their subtypes, especially those that are generated from the medial ganglionic emission (MGE) region, have been shown to play an important role in the pathogenesis of these psychiatric disorders. Recent advances in induced pluripotent stem cell (iPSC) technologies provide exciting opportunities to model and study these disorders using human iPSC-derived cINs. In this review, we present a comprehensive overview of various methods employed to generate MGE-type cINs from human iPSCs, which are mainly categorized into induction by signaling molecules vs. direct genetic manipulation. We discuss their advantages, limitations, and potential applications in psychiatric disorder modeling to aid researchers in choosing the appropriate methods based on their research goals. We also provide examples of how these methods have been applied to study the pathogenesis of psychiatric disorders. In addition, we discuss ongoing challenges and future directions in the field. Overall, iPSC-derived cINs provide a powerful tool to model the developmental pathogenesis of psychiatric disorders, thus aiding in uncovering disease mechanisms and potential therapeutic targets. This review article will provide valuable resources for researchers seeking to navigate the complexities of cIN generation methods and their applications in the study of psychiatric disorders.
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1 Introduction

Cortical interneurons (cINs), which comprise only about 20–30% of cortical neurons, play critical roles in fine-tuning brain circuit functions; thus, their abnormalities, especially those of medial ganglionic eminence (MGE)-derived cINs, have been associated with various neurodevelopmental psychiatric disorders, such as schizophrenia (SCZ) and autism spectrum disorders (ASD). Proper interactions between inhibitory cINs and excitatory glutamatergic neurons are required to maintain a normal excitation-inhibition (E-I) balance in cortical circuits. Thus, disrupted E-I balances in cortex results in dysfunctional synchronization of neural network oscillations (1, 2), which is thought to underlie the neurodevelopmental pathogenesis of SCZ and ASD (3). However, research on these neurodevelopmental psychiatric disorders has been hampered by a lack of proper model systems that recapitulate patients’ neurodevelopmental process and disease progression since once the patients exhibit the clinical symptoms, it is impossible to go back in time to learn how neurodevelopmental dysregulation led to the pathogenesis of psychiatric disorders. Furthermore, non-neural tissue samples such as peripheral blood mononuclear cells (PBMCs) from patients are less likely to reflect functional deficits in the brain (4). Additionally, postmortem brain samples can reveal full-blown disease phenotypes but not necessarily their pathogenesis mechanisms during neurodevelopment, and moreover, are confounded by factors such as medication history and postmortem interval, etc. (5). Animal models have inherent limitations due to species differences that hinder faithful modeling of human psychiatric pathogenesis (6, 7). Considering that the divergence between human and rodent brains has caused many central nervous system therapeutics validated in rodent models to fail (8–10), it is imperative to study human developmental neurons to understand the pathogenesis mechanisms of cIN-associated neurodevelopmental psychiatric disorders.

The ability to study critical pathogenesis events in the human developmental nervous system once seemed unimaginable due to insurmountable ethical and technical barriers. However, human induced pluripotent stem cell (iPSC) technologies provide a powerful tool to study neurodevelopmental dysregulation by allowing for the generation of subject-specific and disease-relevant developmental brain cells with the same genetic makeup as subject brains in unlimited quantities, thus providing exciting opportunities to model and study neurodevelopmental disorders. Especially, several methods have been reported for the generation of cINs from iPSCs, which would be of utmost interest to scientists who study cIN-associated neurodevelopmental psychiatric disorders. Therefore, in this minireview, we will discuss different methods of cIN generation with their pros and cons, aiming to guide researchers with different questions and demands to select appropriate methods.



2 Generation of cINs from human pluripotent stem cells

The approaches to generate cINs from human pluripotent stem cells can be broadly divided into two major categories: the first method is cIN phenotype induction by signaling molecules to mimic natural developmental process (11) and the second method is direct genetic manipulation, which greatly shortens the differentiation timeline (12–14).


2.1 cIN induction by signaling molecules

One of the major ways to generate cINs from human pluripotent stem cells is by providing signaling molecules during differentiation to mimic the signaling regulations that occur during normal neurodevelopment. This method well recapitulates authentic developmental processes, compared to the transcription factor-induction method that bypasses normal developmental processes. Cells can be differentiated in two dimensions (2D) as monolayer cultures or in three dimensions (3D) as spheres. Regardless of this 2D or 3D culture format, cells are treated to enrich neuroectodermal differentiation by blocking mesoderm and endoderm differentiation with dual SMAD (BMP/TGF-β pathway inhibitors) inhibitors [BMPRIA-Fc (15), Dorsomorphin (16, 17), LDN193189 (18–22), Noggin (23), or SB431542 (15–22, 24)]. Generated neuroepithelial cells can be patterned to become specific neural cells of interest. To inhibit the induction of caudal neuroepithelium phenotypes (25), neuroepithelial cells are also treated with WNT pathway inhibitors [XAV939 (20, 22), DKK1 (15), or IWP2 (16–18, 21, 26)]. Also, these rostral neuroepithelial cells are further ventralized into ganglionic eminence (GE) cell types by sonic hedgehog pathway activators [SHH (19, 20, 22–24), Purmorphamine (15, 19, 20, 22, 27, 28), or SAG (16–18, 21, 26)]. The time window of SHH treatment impacts the phenotype induction, where one group reported generation of diencephalic phenotypes with early SHH activation (20), whereas others observed MGE-phenotype induction with early SHH activation (15, 18). It is not clear what caused such discrepancies, but there was a difference in the reagents utilized for ventralization (SHH, Purmorphamine, and SAG, etc.) with different doses, along with different base media, among these protocols; thus, side by side experiments down the road could help resolve these discrepancies. As a further improvement, some protocols include FGF8 treatment to further rostralize ventral neuroepithelium into medial ganglionic eminence (MGE) phenotypes at the expense of caudal ganglionic eminence (CGE) phenotypes (18, 21), ensuring consistent MGE induction regardless of the endogenous expression level of FGF8. Overall, based on the knowledge gained on the human neurodevelopmental process, the induction of MGE-type cINs is mainly achieved by early inhibition of SMAD and WNT signaling pathways, along with the activation of the SHH signaling pathway, providing a replicable model system for the study of the neurodevelopmental pathogenetic mechanisms. The cINs induced by signaling molecules have been successfully utilized to study the mechanisms of neurodevelopmental disorders. For example, when generated developmental cINs were co-cultured with activated microglia to mimic increased developmental risks by prenatal immune activation, Park et al., found that the SCZ patient-derived cINs presented disrupted metabolic pathways and impaired mitochondrial function, arborization, synapse formation, and synaptic GABA release, which persist in SCZ cINs even after the removal of activated microglia co-culture, but not in healthy control cINs, pointing to gene×environment interactions (29).



2.2 Direct genetic manipulation

Compared to the signaling molecule-based phenotype induction method, the direct genetic manipulation method, which employs exogenous expression of transcription factors that play crucial roles in cIN differentiation, can greatly the shorten phenotype induction timeline. Taking advantage of the knowledge of the transcriptional controls during cIN differentiation, cIN-inducing candidate transcription factors were screened for their ability to induce cINs (12–14, 30). Achaete-scute complex-like homolog 1 (ASCL1, also known as MASH1), which is widely expressed in the embryonic ventral brain and plays a dominant role in determining cIN identity (31–33), was able to trigger the conversion of mouse embryonic fibroblasts into tubulin beta III (TUBB3)+ neuronal cells on its own (30). Furthermore, overexpression of a phospho-mutant form of ASCL1 (five serine residues substituted with alanine, denoted ASA), with their enhanced ability to drive neuronal differentiation (34), resulted in a production of ~2-fold more microtubule-associated protein (MAP2)+ neurons (12). Distal-less homeobox (DLX) family members are multifunctional transcription factors that promote the differentiation of progenitors into cINs and inhibit their differentiation into glial cells (35, 36). When DLX2 was expressed in conjunction with ASCL1, the iPSC-derived neurons were conferred with a cIN fate (12, 13). Likewise, DLX5/DLX6 is also found to promote cIN generation (30). LIM homeobox 6 (LHX6) is a direct target of Nkx2.1, a MGE progenitor-specific transcription factor (37, 38), and favors the fate-specification of MGE precursors into parvalbumin (PV)- or somatostatin (SST)-expressing cINs (12, 14). Combining signaling molecule activation and genetic modification together; Yuan et al. showed that the SHH pathway activation along with the LHX6 induction significantly increased the percentage of PV and SST subtypes compared to the condition without LHX6 overexpression (14). MicroRNA has also been found to benefit the neuronal conversion (39), and Sun et al., reported that the addition of miR-9/9*-124 into the iPSCs with ASCL1, LHX6, and DLX2 overexpression significantly increased the percentage of MAP2+ cells while maintaining the high GABA+/MAP2+ ratio and enhancing dendritic arborization (12). Overall, the rapid induction of MGE-derived cINs from iPSCs can be achieved by the overexpression of transcription factors that can induce their fate determination or maturation, either on their own or supplemented by other signaling molecules. By utilizing direct genetic manipulation, Ishii et al., successfully generated cINs and glutamatergic neurons from iPSCs derived from patients with bipolar disorder (with copy number variations of PCDH15) and SCZ (with copy number variations of RELN) (40), and observed specific abnormalities in the neuronal routing and synaptic function underlying the psychiatric disorders.



2.3 Considerations in cIN induction method selection

For functional studies of mature cINs in vitro, direct genetic manipulation offer specific advantages. Ishii et al. conducted a study where they differentiated GABAergic and glutamatergic mature neurons from iPSCs obtained from bipolar disorder and SCZ patients with copy number variations of PCDH15 and RELN (40). Notably, the authors compared two methods and found that direct genetic manipulation was more efficient and resulted in higher neuron maturity, enabling them to study neuronal routing and synaptic abnormality phenotypes in psychiatric disorders. The researchers in the first example investigated the developmental status of cINs to examine the correlation between prenatal immune activation and SCZ risk. In the second example, the researchers compared the mature functions of cINs with the findings of postmortem brain studies, aiming to identify shared neuronal defects across psychiatric disorders.

Depending on their specific requirements and applications, researchers can choose optimal methods of cIN generation, considering their advantages and disadvantages. The most significant difference between the two methods is the time consumption. Direct genetic regulation can obtain functional cINs in a relatively short period, which is of great use for fast screening to quickly identify potential therapeutic targets. Furthermore, direct genetic manipulation methods can also transdifferentiate terminally differentiated somatic cells (e.g., fibroblasts) directly into cINs (30), which greatly expands the application of this method, especially providing the possibility of generating neuronal populations with an aging signature (41), which is not easy to achieve in the case of iPSC-derived fetal neurons. However, caution needs to be taken, considering the fact that direct genetic modification methods bypass normal neurodevelopmental processes and may not be fully identical to their in vivo counterparts. In addition, the introduction of exogenous factors by viral vectors’ integration into the genome could generate potential confounders during analysis (42), especially when studying genetic risks spread throughout genome as in the case of SCZ.

In contrast, the signaling molecules induction methods require a longer time but closely recapitulate the native neurodevelopmental process, and thus are more suitable to observe and study developmental pathogenetic mechanisms (43, 44). Signaling molecule induction can be combined with self-assembled 3D neuro-organoids differentiation for the generation of more homogeneous cell population within the organoid. Signaling molecule-induced neuro-organoids exhibit cyto-architectural features of developing brains and provide a model where neuronal migration, projections, and circuit formation can be studied in 3D (17, 22, 26). Furthermore, cIN phenotype-induced neuro-organoids have been optimized for large scale spinner culture systems, allowing industrial-scale culture for the use for high throughput drug screening or cell therapy (21).

When choosing the appropriate cIN differentiation methods, it is also necessary to consider the appropriate developmental stage and maturity of cINs depending on the experimental purpose. One needs to keep in mind the fact that signaling molecule induction methods well recapitulate normal neurodevelopmental timeline, especially developmentally protracted maturation of cINs (15, 45), so the researcher needs to determine length of differentiation based on the developmental timeline of interest where specific disease pathogenesis may occur. Overall, signaling molecule-mediated induction methods can be mostly useful to model fetal neurodevelopmental processes. There has been some methods that have shown to facilitate the maturation of human pluripotent stem cell-derived neurons such as co-culture with astrocytes (12, 13, 15, 30), co-culture with glutamatergic neurons (20), and grafting them into the animal brains (14). Still, these methods have not allowed for generation of fully mature fast-spiking cINs like in adult brains. Alternatively, disease modeling for more mature stages of neurons may be accomplished by utilizing genetic modification along with the use of more mature somatic cells as a starting material (41). In case cINs are studied after transplantation into rodent brains, it would be prudent to use post-mitotic neurons to avoid the potential of uncontrolled proliferation that can damage host cyto-architecture. Several reagents have been proven to accelerate cell cycle exit without affecting cIN phenotype, including CultureOne (Invitrogen), NOTCH pathway inhibitors (DAPT, 2634 Tocris), MEK inhibitors (PD0325901 and 4,192 Tocris), and CDK pathway inhibitors (PD0332991 and S1116 Selleck Chemicals) (21, 46). Use of synchronized cIN populations by induced cell cycle exit will be also useful to obtain reliable disease modeling results by avoiding heterogenous maturity within generated cell populations that can confound the assay results.

Based on molecular markers and the expression of neuropeptides or calcium-binding proteins, cINs can be divided into many subtypes such as somatostatin (SST)+, parvalbumin (PV)+, calbindin (CB)+, calretinin (CR)+, neuronal nitric oxide synthase (nNOS), and vasoactive intestinal peptide (VIP)+ cINs. The MGE progenitors give rise mostly to SST+ and PV+ interneurons (47), and among these, PV neurons requires an lengthy time of maturation that matches their protracted maturation during in vivo development (15, 20). Among various subtypes, CB+, CR+, and SST+ cINs start to appear at early differentiation stage during MGE-type cIN generation and their populations increase over time, whereas PV+, nNOS+, and VIP+ neurons can be observed at a very low proportion even after several months’ differentiation (15–17, 20, 27). Hence, one needs to be aware of the changing composition of cIN subtypes as the maturation process goes on, and the timeline of assays may need to be adjusted depending on the cINs subtype of interest.

The cIN induction methods reviewed in this review (Table 1) provide relatively homogeneous cell populations, which are useful for genomics studies without the confounders resulting from changing and heterogeneous cell populations. Such homogeneity can provide advantages in the study of cellular and molecular mechanisms of neurodevelopmental disorders (9, 29, 48–50). However, such homogeneous populations lack interactions among diverse cell types as in the brain. Un-induced organoids or organoids assembled after induction can compensate for such a limitation, providing more physiological cell–cell interactions, and cytoarchitectures (16, 26, 51–53), and even circuit-level functionalities in vitro or in vivo (54–57).



TABLE 1 The cIN induction methods reviewed in this review.
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2.4 Future improvements

To date, iPSC-derived cINs have been increasingly used to study the pathogenesis mechanisms of neurodevelopmental disorders and have shown great potential. However, there are still issues that need to be addressed for the realization of their full potential. Long-term culture processes are needed to obtain more mature cINs, and in general, neuro-organoid cultures are more robust for this purpose than adherent cultures. Still, there are issues with neuro-organoid long-term culture, including insufficient nutrient delivery in large spheres and difficulty with structural maintenance. Possible solutions for these issues are: (1) biocompatible 3D scaffolds that can provide appropriate mechanical support, and whose spatial structure can also provide channels to transport nutrients and oxygen to the cells in the inner layer of the sphere. Such approaches lead to the attenuation of the hypoxic response pathway, lower metabolic dysfunction, and decreased interior cell death (58). (2) vascularization that can create a more physiological microenvironment support for 3D neuro-organoids (59–61). Several methods have been tested for this approach, including co-culturing the neurospheres with endothelial cells (ECs) differentiated from iPSCs (62), or co-culturing iPSCs with human umbilical vein endothelial cells (HUVECs) (63). The vascularized organoids exhibited robust neurogenesis and chemical and electrical synapses in vitro, as well as constructed functional blood vessels inside the grafts and in-between human-mouse interfaces after transplantation in vivo. (3) “trimming” the organoid into slices and exposing the interior of organoids to the culture environment leads to sustained neurogenesis, which also bypasses the diffusion limit to prevent cell death over long-term cultures. This method leads to sustained neurogenesis and the formation of an expanded cortical plate which resembles late-stage cortical development (64).

As mentioned above, the development of fast-spiking PV interneurons and their circuit connectivity is quite challenging to achieve during in vitro differentiation, because of their prolonged maturation process that recapitulates the in vivo developmental process where many of them start to express PV only post-natally and reach adolescence to complete maturation (65, 66). There have been several efforts to facilitate the generation of PV neurons from iPSCs, including the use of a potent adenylate cyclase activator Forskolin (Coleonol) (67) and overexpression of transcription factors of ASCL1 (67) and LHX6 (14). However, it is still a time-consuming process to generate PV interneurons from iPSCs [>2 months to generate ~20% PV+ cINs with the overexpression of LHX6 together with SHH activator (14)], and fully mature fast-spiking-cINs are still difficult to achieve even after months’ culture in vitro or grafting in vivo. To compensate for a low % of PV generation at this gestational period, FACS sorting of PV+ neurons was attempted to enrich them utilizing cell type-specific reporter expression (68). However, achieving their full maturation to model their adult phenotype is still awaiting further technical development.




3 Conclusion

In this review, we discussed diverse methods of generating inhibitory cINs from iPSCs, including the advantages and disadvantages of different methods. Researchers will need to select appropriate cIN generation methods based on the scientific questions and requirements. There are still aspects of current cIN modeling that needs further improvement, such as how to better simulate physiological neurodevelopmental environments and how to generate more mature cell types beyond the fetal neural types generated in many cases. This can be the focus of future research to be optimized. In summary, we systematically reviewed the various methods of cIN generation from human pluripotent stem cells, which will provide valuable tools to study the mechanisms of neurodevelopmental disorders in real human tissues during developmental time points of their vulnerability and to develop novel therapeutics based on a human model system.
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