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SUMMARY:
This protocol was generated as a means to produce brain organoids in a simplified, low cost manner without exogenous growth factors or basement membrane matrix while still maintaining the diversity of brain cell types and many features of cellular organization.

ABSTRACT:
Human brain organoids differentiated from embryonic stem cells offer the unique opportunity to study complicated interactions of multiple cell types in a three-dimensional system. Here we present a relatively straightforward and inexpensive method that yields brain organoids. In this protocol human pluripotent stem cells are broken into small clusters instead of single cells and grown in basic media without a heterologous basement membrane matrix or exogenous growth factors, allowing the intrinsic developmental cues to shape the organoid’s growth. This simple system produces a diversity of brain cell types including glial and microglial cells, stem cells, and neurons of the forebrain, midbrain, and hindbrain. Organoids generated from this protocol also display hallmarks of appropriate temporal and spatial organization demonstrated by brightfield images, histology, immunofluorescence and real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR). Because these organoids contain cell types from various parts of the brain, they can be utilized for studying a multitude of diseases. For example, in a recent paper we demonstrated the use of organoids generated from this protocol for studying the effects of hypoxia on the human brain. This approach can be used to investigate an array of otherwise difficult to study conditions such as neurodevelopmental handicaps, genetic disorders, and neurologic diseases.

INTRODUCTION:
Due to myriad practical and ethical limitations, there has been a great deal of difficulty in studying the human brain. While studies utilizing rodents have been critical to our understanding of the human brain, the mouse brain has many dissimilarities1,2. Interestingly, mice have a neuronal density that is at least 7 times less than the primate brain3,4. Although primates are closer to humans than rodents from an evolutionary standpoint, it is not practical for most researchers to work with them. The purpose of this protocol was to recapitulate many important features of the human brain using a simplified and less expensive method without the need for a heterologous basement membrane matrix or exogenous growth factors while maintaining brain cell diversity and cellular organization.

Formative work from the Sasai lab used the serum free culture of embryoid bodies (SFEBq) method to generate two- and three- dimensional neuronal cell types from signalized embryonic stem cells (ESCs)5,6. Many human brain organoid methods have followed a relatively similar path from signalized ESCs7,8. In contrast, this protocol starts with clusters of detached human ESCs (hESCs), similar to the initial steps of seminal work of the Thomson and Zhang laboratories prior to the plating steps9,10 as well as the initial step of the brain organoid protocol of the Pasca laboratory before the addition of exogenous growth factors11. Basement membrane matrices (e.g., matrigel) have been utilized in many brain organoid protocols and it has been shown to be an effective scaffold8. However, most commonly used basement membrane matrices do not come without complications as they co-purify with unknown quantities of growth factors with batch to batch variability during production12. In addition, these matrices can complicate imaging, and increase the risk of contamination and cost. 

While human brain organoids can be used to answer many questions, there are certain limitations to bear in mind. For one, starting from embryonic stem cells, organoids more closely resemble immature brains than aged brains and as such may not be ideal models for diseases that occur in old age, like Alzheimer’s disease. Second, while our protocol found markers of forebrain, midbrain and hindbrain development which are useful to study the effect of a treatment or disease on cells from multiple brain regions in concert, other protocols can be followed to concentrate on specific brain regions13,14. Finally, another limitation of organoid models is that of size, while the average length of a human brain approximately 167 mm, brain organoids made with the use of agitation grow up to 4 mm 8 and the organoids formed by this protocol grow to 1–2 mm by 10 weeks. Nonetheless, this protocol provides an important tool to study human brain tissue and the interaction of multiple cell types.

PROTOCOL:

1. Stem cell maintenance

1.1. Maintain H9 hESCs on a layer of growth factor reduced basement membrane matrix (see the Table of Materials, henceforth simply referred to as matrix) according to the manufacturer’s instructions. 

1.1.1. To coat one 6-well plate or one 10 cm dish, combine 100 µL of matrix with 5.9 mL of ice-cold Dulbecco's modified Eagle medium (DMEM)/F12 media. Wrap plates in paraffin film and store overnight at 4 °C. Use them on the next day for passaging cells after the excess matrix/media is aspirated.

1.2. Culture the cells week to week, using mTESR-1 media in a 37 °C, low oxygen incubator (5% O2, 5% CO2). Refresh media daily. Weed out differentiating cells from the culture between passages using glass tools. 

1.3. Four to six days prior to utilizing the H9 cells to produce organoids, dissociate the cells with a neutral protease (e.g., dispase, henceforth referred to simply as protease), rinse with DMEM/F-12, and plate as 30–60 cell clusters across 4 plates (6-well or 10 cm) at ~20% confluency. Two days prior to harvest, transition them to a regular incubator (21% O2, 5% CO2). Plates should reach ~80% confluency when starting organoid formation.

2. Dissociation of the hESCs for organoid culture 

2.1. Aliquot the protease stock solution (5 U/mL). 

NOTE: We typically freeze down 1 mL aliquots at -20 °C for use over several months. 

2.2. Dilute the protease stock solution to the working concentration by adding 1 mL of the stock solution plus 5 mL of DMEM/F12 for each 6-well or 10 cm plate of hESCs. 

2.3. Aspirate and remove cell culture media, then cover the hESCs with the protease solution. Place plates in the incubator for 10–15 min or until the edges of the colonies round up and begin to separate from the matrix. 

2.4. Tilt the plate, aspirate the protease solution, and gently wash the cells with DMEM/F12 three times. Use 2 mL/well for each wash when using a 6-well plate and 6 mL when using a 10 cm plate. Make sure colonies stay attached to the matrix when performing this step.

2.5. Add back about 1.5 mL of fresh mTESR media to each well (or 5 mL for a 10 cm plate) and flush the cells off the plate using gentle pipetting.

2.6. Using a 10 mL pipette, gently aspirate and dispense hESC within the plate until they reach approximately 1/30th of their original size. Colony clusters should resemble ~250–350 µm sized squares at the completion of these steps.

3. Generation of organoids

3.1. Transfer cells into a single ultra-low attachment T75 flask containing 30 mL of mTESR media without basic fibroblast growth factor (bFGF).

3.2. The next day, tilt the flask(s) such that the live cells pool in the corner (this may take 5–10 min on the first day, but will get quicker as the clusters get larger). 

NOTE: If there are a large number of cells that have adhered to the bottom of the flask at this step or any subsequent steps, transfer the cells to a new flask. It is normal to have a high population of dead cells for the first two days. When performing media changes, be sure to remove as much of the cell debris as possible. 

3.3. Once the cells settle, aspirate off the media and dead cells leaving about 10 mL of media containing the live cells.

3.4. Add ~20 mL of low bFGF media (DMEM/F12 supplemented with 1x N2, 1x B27, 1x L-glutamine, 1x NEAA, 0.05% bovine serum albumin (BSA), and 0.1 mM monothioglycerol (MTG) supplemented with 30 ng/mL bFGF.

3.5. Check the cells on day 2. If most of the cells look healthy and bright, there is no need to do anything. However, if more than a third of the cells appear dark, replace the media (using the same tilting technique as in step 3.2) with ~20 mL of low bFGF media supplemented with 20 ng/mL bFGF.

3.6. On day 3, replace the media (using the tilting technique in step 3.2) with 20 mL of low bFGF media supplemented with 10 ng/mL bFGF.

3.7. On day 5, replace the medium (using the tilting technique in step 3.2) with 20 mL of neural induction media (NIM: DMEM/F12, 1x N2 supplement, 0.1 mM MEM NEAA, 2 μg/mL heparin).

NOTE: If there are any large clusters of cells or organoids that are much larger than the others, they should be removed from the culture. Size is estimated by appearance under the microscope; for example, using an eyepiece with reticle. The majority of organoids are similarly sized (roughly 100 ± 20 µm). We removed organoids that were approximately 2x smaller or larger than the others. 

3.8. Replace half of the medium (~15 mL) (using the tilting technique) with NIM every other day.

3.9. After 3 weeks in culture, add 100x penicillin/streptomycin to the media (NIM: DMEM/F12, 1x N2 supplement, 0.1 mM MEM NEAA, 2 μg/mL heparin) at a final concentration of 1x if desired. Refresh the media every other day. 

NOTE: In this fashion, we maintained the organoids for up to 6 months in culture.

4. RNA extraction and preparation

4.1. Gently extract approximately 15 organoids (depending upon size) from the flask using a 10 mL pipette and place into a 1.5 mL tube.

4.1.1. Gently pellet the organoids in the centrifuge (200 x g for 1 min), and rinse with 1x Dulbecco's PBS (DPBS) three times.

4.2. Extract RNA using validated system or protocol (e.g., RNeasy kit).

4.3. Measure the optical density value of each sample at 260 and 280 nm. 

4.4. Prepare cDNA using a validated system or protocol (e.g., iScript cDNA synthesis kit).

4.5. Perform qRT-PCR using pre-validated primers (Table 1) including at least one housekeeping gene. 

5. Immunohistochemistry 

5.1. Fixation

5.1.1. Prepare a 4% paraformaldehyde (PFA) solution and place it at 4 °C. 

5.1.2. Using a sterile razor, cut the tip off of a sterile transfer pipette.

5.1.3. Gently extract organoids using the cut transfer pipette, as they can be easily broken apart, especially when they grow large, and place them into a 6-well plate with additional media or DPBS.

5.1.4. Tilt the plate, aspirate the media, and replace with 1x DPBS. Rinse the cells with 1x DPBS two additional times.

5.1.5. Replace the DPBS with 4% PFA solution and place on a shaker at 4 °C. 

NOTE: While we fixed for 2 days (for small organoids) to 7 days (for organoids >3 months), shorter times (e.g., 16‒24 h) may also be possible.

5.1.6. Prepare 30%, 20% and 10% sucrose solutions in DPBS.

5.1.7. After fixation in PFA, replace with the 10% sucrose solution and place on a shaker at 4 °C for 24 h.

5.1.8. Replace the 10% sucrose with 20% sucrose and place on a shaker at 4 °C for 24 h.

5.1.9. Replace the 20% sucrose with 30% sucrose and place on a shaker at 4 °C for 24 h.

5.2. Frozen sections
 
5.2.1. Prepare a flat layer of dry ice and place a labeled plastic mold on top of it.

5.2.2. Pour a thin layer of optimal cutting temperature medium (OCT) into the mold and let it start to harden (within a few seconds).

5.2.3. Place a few organoids on the top of the OCT in the mold using a transfer pipette with the tip cut off and pay close attention to the location of the organoids.

5.2.4. Slowly add in OCT until the mold is full and the organoids are covered. Let it harden completely for an additional 10 min. 

NOTE: While freezing over 10 min helps ensure ideal relative placement of multiple organoids for sectioning, it is possible to use an ethanol-dry ice mix or liquid nitrogen to freeze more quickly.

5.2.5. Mark the relative location of the organoids with a marker to make it easier to find them when cutting.

5.2.6. Place the molds in a bag or box and store at -80 °C until ready to cut the sections.

5.2.7. Using a cryostat, slice 10 µm sections and place the tissue onto labeled, positively charged slides. 

5.3. Staining
 
5.3.1. Prepare blocking solution (0.3% Triton X-100, 4% normal donkey serum in PBS).

5.3.2. Use a hydrophobic pap pen to draw around the perimeter of the tissue.

5.3.3. Rinse the slides with PBS 3 times for 5 min each.

5.3.4. Replace PBS with blocking solution for 1 h at room temperature.

5.3.5. Replace the blocking solution with antibody solution (antibody at appropriate concentration, 0.1% Triton X-100, 4% normal donkey serum in PBS) at 4 °C overnight.
 
5.3.6. On the following day, wash the slide 3 times with PBS for 10 min each.

5.3.7. Replace PBS with the appropriate secondary antibody (1:1000) diluted in antibody solution for 1 h at room temperature. 

5.3.8. Rinse 3 times for 10 min each time with 1x PBS.

5.3.9. Apply the 4′,6-diamidino-2-phenylindole (DAPI) stain and rinse three times for 10 min each with 1x PBS.

5.3.10. Affix coverslips to the front of the slides with mounting solution, let dry at room temperature in the dark, and store in the dark at 4 °C. 

REPRESENTATIVE RESULTS:
Figure 1 shows representative brightfield images of several time points to demonstrate what the cells/organoids look like throughout the different stages of the protocol. The hESCs were removed from the tissue culture plate, broken into small pieces, and placed in a T75 ultra-low attachment flask where they formed spheres. It is important to note that the cells look bright and similar in size, without dark, dying cells in the centers of these clusters. The cells were gradually weaned off bFGF. On day 5, they were placed into neural induction media and they remained in this media throughout the culture period. Although the organoids get larger and thus darker over time, it is important to take note of the neural rosette-like structures (black arrows) that are present throughout the brain organoid development and expand. The rosettes indicate the initiation of neural differentiation and contain features of the embryonic neural tube, displaying epithelial characteristics and surrounding an apical lumen15.

Staining of the organoids with hematoxylin and eosin at 5 months in culture indicated that there were not vast amounts of necrosis even in the centers, which was of initial concern given the stagnant culture system (Figure 2A). These organoids demonstrated a histologic morphology similar to the human cortex based on light microscopic evaluation by an experienced neuropathologist (Figure 2B). By histology, many unique cell morphologies were observed resembling glia (blue arrow head), neurons (red arrowhead), cells with Cajal-Retzius morphology (black arrows), and neuropil (orange arrow head) (Figure 2B,C).

To take a more in depth look at gene expression within the cells, qRT-PCR was performed. For the results shown in Figure 3, each bar represents 3 separate batches of cells grown independently and harvested at the specified time point. These samples were then run in triplicate with a primer pair to the indicated gene in addition to the housekeeping gene, GAPDH. The glutamate transporter, Vglut1 (Figure 3A), was expressed at 2.5 weeks, increased at 5 weeks, and remained consistent through 5 months in culture. A forebrain marker, Foxg1 (Figure 3B), was expressed at low levels until 5 weeks in culture. The deep layer marker, Tbr1 (Figure 3C), peaked around 5 weeks and decreased subsequently, whereas the upper layer marker, Satb2 (Figure 3D), increased over time.

The expression of the ventral markers Eng1 (Figure 3E) and Hoxb4 (Figure 3F), as well as the oligodendrocyte marker, Olig2 (Figure 3G), all increased over time. In contrast, the stem cell marker, Sox2 (Figure 3H), decreased over time. The glial marker, GFAP (Figure 3I), peaked at 5 weeks and remained relatively constant subsequently. In addition, immunofluorescence data was consistent with the qRT-PCR data. At 10 weeks there was a robust expression of Foxg1 (Figure 4A). Sox2 expression was more confined to areas resembling the subventricular zone (SVZ) (Figure 4B,C). Interestingly, there was also some expression of the outer radial glial cell marker, HopX (Figure 4D). 

FIGURE AND TABLE LEGENDS:

Figure 1. Overview of organoid growth conditions and morphology. (A) Schematic of media changes. (B‒J) Representative images of organoids as they matured. (B) H9 hESCs were utilized to form the brain organoids. Organoids on (C) day 2 in 20 ng/mL bFGF media and (D) day 4 in 10 ng/mL bFGF media. (E– J) Organoids in neural induction media (NIM) on days 8 (E), 10 (F), 35 (G, H), and 70 (I, J). Arrows point to neural rosettes. Bar = 200 µm.

Figure 2. Organoids shared histologic similarities to human brain tissue. H&E staining of the organoids at 5 months (A) with some layering resembling the human cortex (B). At higher magnification many cell morphologies were observed including glia (blue arrow head), neurons (red arrowhead), neuropil (orange arrow head), and cells with Cajal-Retzius morphology (black arrows) (B, C).

Figure 3. Expression of neurodevelopmental genes within the brain organoids over time. Quantitative RT-PCR data using SYBR green evaluating the expression of Vglut1 (A), Foxg1 (B), Tbr1 (C), Satb2 (D), En1 (E), Hoxb4 (F), Olig2 (G), Sox2 (H), and GFAP (I). Error bars represent mean ± standard deviation (n ≥ 3). This figure has been modified from16. See Table 1 for primer information.

Figure 4. Expression of neurodevelopmental proteins within the brain organoids at 10 weeks. Immunofluorescence revealed a robust expression of Foxg1 (A), localized expression of Sox2 (B,C) and the presence of HopX (D).

Table 1. Primer sequences used for quantitative RT-PCR in Figure 3.

DISCUSSION:
Similar to other organoid models, this is an artificial system that comes with several caveats. Although there was little batch to batch variation in terms of overall expression levels, individual organoids did exhibit differences. For example, the location of Sox-2 positive areas were not identical in every organoid (Figure 3). While qPCR is suitable to look for overall changes in batches of cells, additional techniques such as single cell RNAseq will be utilized in future studies to gather more information on a cell-by-cell basis. Another limitation of this system, is that it does not integrate vasculature within the organoids as has been done in some of the more recent studies17-19. However, transitioning the hESCs from a low to high oxygen environment may more closely resemble the anaerobic to aerobic transitioning in a developing embryo.

The critical steps within this protocol are the formation of the neurospheres as well as the appropriate maintenance including media changes with the proper culture media to ensure healthy cells and adequate nutrients to the growing organoids without overcrowding. To troubleshoot inadequate cell proliferation or differentiation, we recommend starting with a fresh batch of low passage ESCs and freshly prepared media including supplements. Occasionally there can be batch variation of reagents and materials. Thus, we recommend purchasing multiple bottles of reagents such as N2 and ultra-low attachment flasks which are from the same lot as long as they can be utilized in a reasonable amount of time. 

Unlike many other brain organoid protocols, this method does not use a bioreactor; instead the cells stay relatively stagnant aside from media changes. This is similar to previous work with neurospheres, which were eventually broken apart to make 2D neuronal cultures20. In this model the cells are kept in a 3D format and allowed to grow for up to 6 months in culture. It was found that when utilizing small clusters instead of aggregating single cells that the organoids looked brighter, which we interpreted as less necrotic. As previously reported, when the brain organoid clusters were evaluated by histology and immunofluorescence at 5 months, there were no obvious areas of necrosis16. Although starting from small clusters of cells introduces a little variety in the size of organoids formed, the majority of organoids were of a roughly similar size. 

The use of a heterologous basement membrane matrix and a bioreactor have both advantages and disadvantages. Certain cell types, or larger brain organoids might prefer growth under one condition or another. Basement membrane matrices or other hydrogels might be beneficial to selectively add growth factors to particular regions or create specific molds. Although basement membrane matrices have been shown to support three-dimensional organization and differentiation15, it is worth emphasizing that some of these products have a poorly defined and variable composition that includes quantities of growth factors12. In addition to simplifying the workflow while culturing the brain organoids, the absence of a basement membrane matrix might also improve three-dimensional imaging techniques. 

The development of this brain organoid model system offers a new approach for many potential applications. For example, toxic insults like hypoxia, hyperglycemia, hypercapnia, and infection among others, may be tested with this system. In addition, neurodevelopmental disorders may be studied with this system by starting with either genetically modified stem cells or patient-specific human induced pluripotent stem cells (hPSCs). The ability to add different cell types during organoid culture also offers the possibility to study tumor-brain interactions. Given the simplicity of the protocol and lack of expensive, specialty materials we hope that this approach may be considered by laboratories both within and outside of the field as one potential method with its own unique benefits to further advance this rapidly progressing and exciting discipline.
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