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Abstract

Although a number of in vitro disease models have been developed using hiPSCs, one limitation is that these two-dimensional (2-D) systems
may not represent the underlying cytoarchitectural and functional complexity of the affected individuals carrying suspected disease variants.
Conventional 2-D models remain incomplete representations of in vivo-like structures and do not adequately capture the complexity of the brain.
Thus, there is an emerging need for more 3-D hiPSC-based models that can better recapitulate the cellular interactions and functions seen in an
in vivo system.

Here we report a protocol to develop a 3-D system from undifferentiated hiPSCs based on the serum free embryoid body (SFEB). This 3-
D model mirrors aspects of a developing ventralized neocortex and allows for studies into functions integral to living neural cells and intact
tissue such as migration, connectivity, communication, and maturation. Specifically, we demonstrate that the SFEBs using our protocol can
be interrogated using physiologically relevant and high-content cell based assays such as calcium imaging, and multi-electrode array (MEA)
recordings without cryosectioning. In the case of MEA recordings, we demonstrate that SFEBs increase both spike activity and network-level
bursting activity during long-term culturing. This SFEB protocol provides a robust and scalable system for the study of developing network
formation in a 3-D model that captures aspects of early cortical development.

Video Link

The video component of this article can be found at https://www.jove.com/video/55799/

Introduction

We have previously reported a 3-D model system, generated from patient-derived human induced pluripotent stem cells (hiPSCs) that
recapitulates some aspects of early cortical network development1. This 3-D model, a serum-free embryoid body (SFEB), improves on previous
simple aggregation hiPSC models2,3. A growing body of work is revealing that 3-D structures like our SFEBs, approximate aspects of neural
development commonly observed in vivo and at an earlier time point than observed in 2-dimensional (2-D)/monolayer hiPSC models4,5. Initial
studies have been focused on the self-organizing complexity of 3-D bodies without demonstrating their physiological complexity2.

The protocol described here has been used on undifferentiated hiPSCs derived from fibroblasts and peripheral blood mononuclear cells
(PBMCs). These cells are maintained on γ-irradiated mouse embryonic feeders (MEFs). These hiPSC colonies are manually cleaned of
spontaneously differentiated cells, enzymatically harvested, and resuspended in medium containing Rho-Kinase inhibitor Y-27632 (ROCKi).
Undifferentiated hiPSCs are subjected to dissociation and centrifugation before being transferred to 96-well low adhesion V-bottom plates. After
plating, neural induction is initiated using dual SMAD inhibition (SB431542 and LDN193189 along with dickkopf 1 (DKK-1)) to drive an anterior-
frontal forebrain neuronal-fate lineage6. After 14 days, the SFEBs are transferred to cell culture inserts in a 6-well plate. Once transferred, the
round SFEBs begin to spread and thin, while maintaining local network connections as is often observed in hippocampal organotypic slice
culture preparations using similar cell culture inserts1,7.

The use of an SFEB based 3-D platform in this format is amenable to the efficient production of cortical networks that may be interrogated using
cell based physiological assays such as calcium imaging or electrophysiological assays such as single cell recordings or multi-electrode array
(MEA)1. Although 3-D systems bear the markers of early cortical development, other studies have shown that these 3-D bodies may require
longer incubation times to allow for the inherently slower pace of human tissue development8. This SFEB protocol successfully generates 3-D
SFEBs from undifferentiated hiPSCs that captures aspects of the early development of the cortex.

The potential of SFEBs to model network aberrations in neurological disorders is a strength of this system. The hiPSCs derived from patient
tissue can be grown into cells of the nervous system that are subject to assays relating to cell biology as well as concomitant gene expression.
Human iPSCs are being used to ascertain the genetic profile of large groups of individuals with varying neurological disorders with complex
etiologies such as autism spectrum disorder (ASD), schizophrenia9, Rett Syndrome10, and Alzheimer's disease11,12. Until recently, iPSC models
were typically monolayer preparations that, while proficient in evaluating molecular interactions, were inadequate in deciphering the complex
cellular interactions seen in vivo. Animal models have been the default substitute for recreating the whole-organ platform. These animal models
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are plagued by poor translation of findings and have limited ability to replicate human genetic profiles identified by large genetic screening
studies. Thus, the development of 3-D systems from iPSCs adds a needed layer of complexity in human disease modeling13,14. The next step for
3D hiPSC platforms is to accommodate the large scale requirements of high throughput screening using cell based assays15.

Protocol

1. Generation of Neural Progenitor Cells

1. Maintain hiPSCs derived from fibroblasts and PBMCs in 6-well plates on a γ-irradiated mouse embryonic feeder (MEF) cell layer in
human iPSC medium supplemented with small-molecules (see the Materials Table).
 

NOTE: Daily maintenance is a modified version of previously reported procedures1,16.
1. Plate 6 x 105 MEFs onto each well of a 6-well tissue culture grade plate in 300 μL/well recommended medium (following manufacturer's

protocol).
2. After 48 h, replace MEFs medium with 300 μL/well hiPSC medium for 1 h before adding hiPSCs.
3. Quickly thaw hiPSCs in a 37 °C water bath and slowly add 1 mL hiPSC medium dropwise. Transfer the hiPSCs and medium to a 15

mL conical tube. Add medium to bring the total volume to 5 mL. Centrifuge for 4 min at 129 x g, aspirate the supernatant, gently re-
suspend the pellet in 1 mL hiPSC medium with ROCK inhibitor at 1:1,000 concentration.

4. Plate the cell suspension (typically seeded at 300,000 cells/well) onto the MEF cell layer and incubate at 37 °C, 5% CO2, 95% humidity.
5. Monitor iPSC culture closely using a light microscope. After 48 h, remove cultures that have uneven edges, have grown to become

cystic-like or appear yellowish-brown under the light microscope to minimize spontaneous differentiation.
 

NOTE: After 7 - 10 days, hiPSC colonies should form. Colonies should be round, with clearly defined borders and uniform cell
densities, and devoid of loosely packed non-uniform cells.

6. Manually select round hiPSC colonies to clear the culture of spontaneously differentiated cells. Expand the colonies by placing them on
fresh MEF layers. Expand 1:3 every 7 days when cultures near confluency and freeze1,16.

2. After expansion and freezing cells (for backup), grow hiPSC colonies on plates until they reach 50 - 75% confluence.
3. Seven-days post plating, use mild enzymatic treatment (5-10 min with 300 μL of enzyme solution) and gentle trituration (2-4 times with a

1,000 µL pipet) to harvest and prepare hiPSCs for neural precursor cell differentiation.
4. Centrifuge the cell suspension at 129 x g for 4 min, aspirate the supernatant, and resuspend the pellet in 5 mL human iPSC medium. Transfer

the cell suspension to a 0.1% gelatin coated 5 cm cell culture dish for 1 h at 37 °C to eliminate MEFs and to maximize the hiPSC yield.
Transfer the medium (with non-adherent cells) to another 5 cm gelatin coated dish.

5. Transfer the non-adherent cells to a 15 mL centrifuge tube using a transfer pipet. Gently rinse the plates with 3 mL medium and add it to the
15 mL tube.

6. Centrifuge the cell suspension at 129 x g for 4 min, aspirate the supernatant, and gently resuspend the pellet in medium. Determine the cell
count using an automated cell counter. Plate 9,000 cells/well in a 96-well low-adhesion V-bottom plate.

7. Centrifuge the plate at 163 x g for 3 min. Incubate the plate at 37 °C, 95% humidity and 5% CO2. Using a pipette, change 50% medium every
other day by removing half of the medium and replacing it with fresh chemically-defined differentiating medium 1 (DM1; Figure 1; Table of
Materials) for 14 days.

2. Serum-Free Embryoid Body (SFEB) Induction (Figure 2)

1. Place 40 µm cell culture inserts into 6-well plates and add 1 mL DM1 medium at least 1 h prior to the addition of aggregates.
2. On day 14, transfer the aggregates with 20 µL medium using a 200 µL wide mouth tip onto 40 µm cell culture inserts and change the

medium to DM2.
 

NOTE: Cell culture inserts are specialized inserts that sit slightly off the bottom of the well and consist of a polytetrafluoroethylene membrane
suspended across a plastic frame. This membrane is biocompatible and can efficiently sustain nutrient and oxygen transport to the SFEBs,
which are placed on top. They are commonly used with organotypic hippocampal slice cultures taken from mouse or rat7,17,18.

1. Transfer 4-6 aggregates to one cell culture insert and allow adequate space between the aggregates. Remove as much excess
solution as possible using a fine pipette tip (e.g. 200 μL tip).
 

NOTE: It is acceptable to briefly disturb the SFEB as they will move on the cell culture insert as the solution in removed from around
the SFEBs.

2. Maintain the cultures in 1 mL of DM2 at 37 °C, 95% humidity and 5% CO2. Using a pipette, change 75% medium every other day by
removing three quarters of the medium and replacing with three quarters fresh medium. For example, remove 750 μL of medium and
add 750 μL of fresh medium.

3. After 14 days of culture, switch to DM3 medium with 75% medium change every other day and for another 16 days.
4. To maintain the SFEBs on cell culture inserts beyond 30 days, change the medium every other day for 60, 90 and 120 days.

 

NOTE: The SFEBs will grow to about 1,000 μm in diameter and are typically 100-150 μm thick1.

3. Determining SFEB Composition

1. Detach the SFEBs from the insert by gently pipetting medium using a 200 µL wide mouth pipette tip. To transfer the SFEBs, use a wide
mouth pipette tip to gently suction the bodies into the pipet tip. After loading SFEB into the pipet tip, gently transfer to 12-well plates and wash
with 300 μL phosphate buffered saline (PBS) per well.
 

NOTE: SFEBs will be suspended in solution in the 12-well plates. This is important to allow full penetration of the fixative, the blocking
solution, and antibodies. If using multiple SFEBs for staining, up to 10 SFEBs can be added per well of a 12 well plate. This will conserve
solutions and antibodies.
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2. Fix SFEBs with 300 μL per well 4% paraformaldehyde at room temperature for 30-45 min. Wash fixed SFEBs twice with 300 μL PBS, 3-5 min
each wash.
 

Caution: Wear appropriate personal protective equipment when handling paraformaldehyde.
 

NOTE: Probe for immunoreactivity to markers to determine maturity, cell type etc. For marking neurons in this study chicken-Tuj1 was used at
1:500, for additional markers please see Table 2 and references1,16.

3. Permeabilize and block with 0.1% Triton-X100 in PBS and 10% normal donkey serum (blocking solution; 300 μL per well) for 1 h at room
temperature.

4. Remove the blocking solution and treat SFEBs with 300 μL primary antibodies in blocking solution. Incubate at 4 °C overnight. Wash SFEBs
thrice (3-5 min per wash) in 300 μL PBS containing 0.1% Triton-X.

5. Prepare secondary antibodies 1:1000 in blocking solution. Incubate SFEBs for 1 h at room temperature with secondary antibodies. Wash
SFEBs with 300 μL PBS, 3 times for 3-5 min each.
 

NOTE: At this stage SFEBs can be prepared for imaging.
6. To image, pipette SFEBs onto a glass slide using a wide-bore pipette. Remove excess solution around the SFEB using gentle suction.

 

NOTE: For similar staining conditions, multiple SFEBs can be placed on the same glass slide.
7. Add a drop of mounting medium on the SFEBs, place a glass coverslip, and gently press to ensure that there are no air bubbles. Allow the

mounting medium to harden and proceed to imaging and quantification (step 3.8).
 

NOTE: After the mounting medium hardens, the SFEBs are ready for imaging.
8. Perform cell quantification by taking multiple regions of interest (ROI) across the SFEB and using a z-stack combined with a maximal

projection image through each ROI on a standard confocal microscope as described in references1,16.
 

NOTE: Whole SFEBs can be quantified using image-based tiling (see references1,16 for details). Since the SFEBs thin to approximately
100 μm, there is minimal scattering of light in the tissue and thus there is no need for 2-photon microscopy. Earlier uses of this protocol with
fibroblast-derived iPSCs produced a SFEB fate map that revealed complex and diverse structure with subpopulations of interneurons with
transcriptional identities that resembled CGE and anterior forebrain fates1,16.

4. Recording Neuronal activity in SFEBs Using MEAs

1. Prepare 12-well MEA plates as per manufacturer's instructions.
2. Wash the MEA plates 3 times for 5 min with sterile H2O under aseptic conditions to clean. Wash for 5 min with 75% ethanol and then with

100% ethanol to sterilize the plate.
3. Bake the plate inverted in an oven for 4-5 h at 50 °C to complete the sterilization process.
4. Add 500 µL 0.2% polyethyleneimine solution (PEI) to each well and incubate 1 h at room temperature. Aspirate PEI and wash the wells 4x

with sterile distilled H2O. Air dry in the hood overnight.
5. Prepare a 20 µL/mL solution of laminin in L15 medium and add 10 µL laminin to the center of each well.

 

NOTE: Do not coat the surrounding reference and grounding electrodes.
6. Add sterile dH2O to the surrounding reservoirs to prevent medium or laminin evaporation. Incubate the plate for 1 h at 37 °C.
7. Add SFEBs (see sections 1 and 2) to the laminin coated MEA plates by gently suctioning them into a wide mouth pipette tip and transfer

them. Add 200 µL DM2 medium to each well and incubate overnight at 37 °C, 95% humidity and 5% CO2.
8. Add an additional 200 µL medium after 24 h and allow it to recover for 30 min at 37 °C, 95% humidity, 5% CO2 before reading the plate.
9. Place the MEA plate in the plate reader (preheated to 37 °C) to record neuronal activity. Record activity for 10 min with the associated MEA

recording software. See reference19 for details.
10. Generate raw data-continuous streams and raster plots of neuronal activity using statistical analysis software19.

 

NOTE: MEA recordings are taken 7 days post SFEB plating. For this study, recordings were taken for 10 min to detect network burst activity,
continuous trace, and raster plots. SFEBs can be maintained long-term on MEA plates and can be recorded over longer periods of time using
environmentally controlled conditions (Figure 6).

Representative Results

SFEBs grown using our technique yielded tissue with morphological characteristics that resemble an early developing cortical subventricular
zone replete with extensive Tuj1-positive neurons, as well as neural progenitors (Figure 3A). Numerous developing cortical rosettes were
observed in the outer layers and inner layers of the SFEB (Figure 3B). The outer edge of the SFEB resembles a developing cortical plate
containing postmitotic neurons. This is supported by the expression of Brn2, a marker for neural progenitors in the most ventralized outer cortical
layers. Reelin positive cells that may be Cajal-Retzius cells or their progenitors, which are expressed in the outer layers of the developing cortex
are also observed in SFEBs (Figure 3C). SFEBs grown using this protocol express markers consistent with a mixed caudal (CGE) and medial
ganglionic eminence (MGE) origin. Cells that express the CGE marker Couptf2 and other cells expressing MGE marker Nkx2.1 can be observed
in the cultures (Figure 3D). This may be in part due to the use of DKK-1 in the protocol, which has been shown to enhance medial fates20.

SFEBs made using this protocol yield both calretinin- and calbindin-positive interneurons (Figure 4A) as well as VGLUT positive excitatory
neurons and Tbr1-positive glutamatergic neural progenitors (Figure 4B). On an average, we have observed that 61% of the total cells in SFEBs
are VGLUT positive and 43% are Tbr1-positive (Figure 4C). This is consistent with others reports using similar protocols21. Additionally, SFEBs
can be subject to physiological assays such as live-cell calcium imaging using markers such as Fluo-4, in order to observe neural network
function in a more physiologically-relevant environment (Figure 5). SFEBs can be subjected to MEA recordings for long periods of time and
show development of cortical network-level bursting (Figure 6).
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Figure 1: Schematic Outlining the Early Steps in Preparing SFEBs. After iPSCs have been harvested using an enzymatic dissociation, they
are plated in 96-well plates and centrifuged at 163 x g for 3 min to induce quick aggregation. After 14 days in vitro (DIV) cell aggregates can be
transferred from 96-well plates via wide-bore pipets onto cell culture insert-containing 6-well plates. Please click here to view a larger version of
this figure.

 

Figure 2: Time-line of Medium Changes and Phases during SFEB Growth and Expansion. After SFEBs have been transferred to inserts,
they under go two medium changes at 14 and 28 days in vitro (DIV). They are typically harvested for experiments at DIV 30, 60 and 90. Upper
insets show different phases in this process. Scale bars = 1,000 μm (far left); 1,000 μm (DIV 20); 600 μm (DIV 30); 300 μm (single SFEB).
Please click here to view a larger version of this figure.
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Figure 3: General Morphological Characteristics of SFEBs Grown using this Protocol. (A) Typical outer edge of an SFEB expressing
the progenitor marker nestin (green), the post-mitotic neural marker Tuj1 (red) and the nuclear stain (blue). (B) SFEBs show characteristic
cortical rosettes in both the outer layers (left image) and inner layers (right). They express both progenitor and mature neuronal markers. (C) A
representative outer edge of an SFEB expressing the outer layer/cortical plate marker Brn2 (green) and the developing CGE marker Couptf2
(red). (D) SFEBs made using this protocol represent ventralized neocortical structures as seen by Pax6 (red) staining and express markers
consistent with some MGE origins such as Nxk2.1 (red). Scale bar = 40 μm. Please click here to view a larger version of this figure.
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Figure 4: Images of Major Neuronal Cell Types in SFEBs. (A) Some neurons in SFEBs express markers consistent with cortical interneurons
such as calbindin (green, left image) and calretinin (green, right image). (B) SFEBs show VGLUT-1 positive glutamatergic neurons (red, left
image) and glutamatergic progenitors expressing Tbr1 (red, right image). Scale bar = 40 μm. (C) Typical yields of excitatory neurons expressing
either VGLUT-1 or Tbr1 (error bar = S.E.M). Please click here to view a larger version of this figure.
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Figure 5: Live-cell Calcium Recordings. (Left image) Representative outer edge SFEB treated with Fluo-4, a neuronal calcium indicator. Cells
are marked for measurement of spontaneous calcium transients (assorted color boxes). (Right image) Selected cells demonstrating spontaneous
calcium transients marked by red boxes (upper traces) or green boxes (lower traces). Scale bar = 40 μm. Please click here to view a larger
version of this figure.
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Figure 6: Multi-electrode Array Recordings of SFEBs. (Top) Representative image of SFEB attached to a MEA plate (Scale bar = 100 μm).
(Middle and bottom) SFEBs can be recorded on MEAs over long time periods and show maturation. (Middle and bottom; left) A well-wide burst
map of 3 SFEBs plated onto 3 wells of a 12-well MEA plate, darker colors represent higher overall spike activity that increases between day 30
and day 90. (Middle and bottom; insets) Cumulative activity map shows an increase in the spike density and the area of spikes within cortical
networks in SFEBs between day 30 and day 90. (Middle and bottom, right) Raw traces (upper) and whole-well raster plots (lower) show an
increase in the number of spikes and the number of bursts over time; indicative of stronger network formation in SFEBs. Please click here to
view a larger version of this figure.

Antibody Dilution Species

Nestin 0.111111111 Mouse

Brn-2 0.388888889 Rabbit

VGLUT1 0.111111111 Rabbit

Pax6 0.25 Rabbit

Calretinin 0.180555556 Rabbit

Calbindin 0.319444444 Rabbit

CoupTFII 0.180555556 Mouse

Nkx 2.1 0.180555556 Rabbit

Tuj1 0.388888889 Chicken

Reelin 0.388888889 Mouse

Tbr1 0.180555556 Chicken

NFH 0.25 Mouse

Table 1: Antibodies Used in this Study.

Discussion

The protocol described here provides the conditions for differentiating a hiPSC source into a 3-D structure that recapitulates an early
developmental stage of the frontal cortex. This procedure yields structures that can be interrogated for electrophysiology while also being
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amenable to microscopy. The final morphology of the SFEB resembles that of organotypic brain slice cultures and allows high quality detailed
confocal imaging. This protocol can successfully generate SFEBs from both fibroblast and peripheral-blood mononuclear cell-derived hiPSCs.
SFEBs made from peripheral blood mononuclear cell-derived hiPSCs exhibit similar morphological characteristics as those created from
fibroblast-derived hiPSCs.

This process, like other 3-D schemes, utilizes small molecule extracellular cues to guide cell fate decisions. This is combined with the intrinsic
properties of cell-to-cell contact, which create a more realistic environment for network formation and neuronal function. Other reports have
shown that the appropriate combination of the small molecule extracellular signals is sufficient for such cell fate decisions such as midbrain
dopaminergic8,22, and cortical interneurons8,16,23. However, 3-D systems exhibit an accelerated maturation time compared to 2-D equivalents5.
When given adequate time, the 3-D cultures have shown increased maturity. Such qualities make strong arguments for the usefulness of the 3-
D platforms like the SFEB. The added benefit of live and high quality microscopy, together with the flexibility of source material, make compelling
arguments for this protocol.

Additionally, SFEBs made using this protocol share a number of similarities with other reported studies13,24. With respect to reference24, this
protocol and the physiological validation of the neurons pre-dates it. For instance, the studies reported in references13,24, use similar versions
of dual SMAD inhibition to derive cortical like neurons and obtained a similar proportion of glutamatergic neurons and progenitors (~50%).
Additionally, Mariani, J. et al. (reference13) report similar Pax6 and Nestin staining as this protocol at a 25-30 day time points. Qualitatively, the
staining patterns for Brn2 as well as the expression of GFAP positive astrocytes are similar to that reported in reference24. However, this protocol
has a number of advantages over the two commonly used organoid methodologies. First, Mariani, J. et al.13 report the development of Dlx
positive interneurons at day 50 and confirmed only by immunostaining methods. Using this protocol, Dlx positive interneurons are produce at
day 30. These interneurons were confirmed as functional by single-cell electrophysiology and single cell pharmacological application of GABA16.
Additionally, the authors of 13 claim functional connectivity of neurons, but it was determined only using staining. SFEBs made using this protocol
have been subjected to network single-electrode stimulation and calcium imaging to show that developing cortical networks are connected and
functional. Pasca, et al.24 section the aggregates using a cryostat to obtain recordings from organoid-like structures. SFEBs made using this
protocol do not need sectioning and can be recorded directly while in the inserts1. Neurons recorded from non-sectioned SFEBs have been
shown to have action potentials and inhibitory post-synaptic potentials after sorting1,16.

SFEBs can be made using both fibroblasts and PBMCs as starting material. It is also possible to use other tissue-types that result in hiPSCs
(e.g. dental pulp, foreskin, urine)25,26,27, although some of the small molecules may need to be altered to achieve similar results. For this protocol,
the use of DKK-1 is important in driving the SFEB towards a ventralized fate28. This ventralization is partially responsible for the differentiation
of interneurons with CGE-like origins16. DKK-1 is an expensive small molecule and thus high concentrations of sonic hedgehog can be used to
supplement DKK-1 in this protocol. However, the concentrations for Wnt inhibition via DKK-1 must be determined empirically by the end user.
Additionally, XAV939, another Wnt inhibitor, can be used to help drive differentiation towards a ventralized fate, although the use of this inhibitor
will yield tissue that shares transcriptional identities with the MGE23.

When developing 3D hiPSC culture systems like the SFEBs described in this protocol, it is important to keep in mind that these structures yield
a moderate amount of heterogeneity from culture to culture. This is partially due to the stochastic nature of neuronal differentiation from iPSCs
and due to cell-cell contact initiation in the SFEB resulting in spontaneous intrinsic self-organization29,30. Therefore, it is important to interpret the
usefulness of this technique in the context of heterogeneity. Ways to minimize the impact of heterogeneity in this system include, creating large
numbers of SFEBs so that they represent natural variation in the system, stringently adhering to the concentration of reagents and the number
of cells seeded at the beginning of each production run. It is critical to start with clean iPSC colonies and to apply minimal trituration during the
enzymatic dissociation step during iPSC dissociation to increase cell viability. Cell viability after trituration is an important factor in getting high
quality, consistent SFEBs. As an alternative troubleshooting step, viability can be checked after the dissociation and before the centrifugation
steps using trypan blue, if necessary. Viability and spontaneous differentiation can also be affected if ROCKi is not properly used during the early
dissociation and differentiation steps. The use of ROCKi and its stepwise decrease during the 50% feeds over the first 7-10 days is critical for
consistent, high-quality SFEBs.

Additionally, it is often useful as a validation step to check results in 3D SFEBs with those observed in the same cell lines created using a
monolayer preparation. Understanding how the two systems cross-compare within each experimental cohort is extremely useful in understanding
the complexity of a given disease model. Finally, SFEBs can be used to sort and purify cell populations using fluorescent activated cell sorting for
further study in a more homogeneous 2D monolayer system16.

Nonetheless, SFEBs created using this protocol are useful for studying small developing cortical circuits. Future applications of this technique
involve multiplexing electrophysiological recordings with high-content approaches. Indeed, cell chamber inserts are manufactured for use in 96-
well plate format. These inserts can be used with the SFEB protocol described here in place of the 6-well inserts. In order to show scalability
using this method, SFEBs will need to be created using multiple lines and clones within a given cohort and will need to be screened across a set
of robust cell-based assays to look for consistency within cultures. For instance, neuronal numbers, morphology, and layer development can may
be assayed using a 96-well format. Ideally, cell based assays should be combined with a high-content electrophysiological assay such as the
MEA, which is also scalable to 96-well plates.

This SFEB platform has promise in deciphering the role of early cortical network development in neurological disorders, particularly in cases
where there is a possible interaction between genetics and early neural development. We have demonstrated that it can be treated much like a
slice culture as shown in rat and mouse studies. Useful future studies using this system should center on developmental comparative anatomy
and physiology between in vivo structures of the mouse and the SFEB. This comparative data would be very powerful in developing a truly
translational system for drug discovery and basic research.
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