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Defined Hydrogel and Defined Cell Culture Medium
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ABSTRACT

Tissueorganoids are apromising technology thatmay accelerate development of the societal andNIH
mandate forprecisionmedicine.Herewedescribea robust andsimplemethod forgenerating cerebral
organoids (cOrgs) from human pluripotent stem cells by using a chemically defined hydrogel material
and chemically defined culture medium. By using no additional neural induction components, cOrgs
appeared on the hydrogel surface within 10–14 days, and under static culture conditions, they
attained sizesup to3mmingreatestdimensionbyday28.Histologically, theorganoids showedneural
rosette and neural tube-like structures and evidence of early corticogenesis. Immunostaining and
quantitative reverse-transcriptionpolymerase chain reactiondemonstratedproteinandgeneexpres-
sion representative of forebrain, midbrain, and hindbrain development. Physiologic studies showed
responses to glutamate and depolarization in many cells, consistent with neural behavior. The
method of cerebral organoid generation described here facilitates access to this technology, enables
scalable applications, and provides a potential pathway to translational applications where defined
components are desirable. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:970–979

SIGNIFICANCE

Tissue organoids are a promising technology with many potential applications, such as pharmaceu-
tical screens and development of in vitro diseasemodels, particularly for human polygenic conditions
where animalmodels are insufficient. Thiswork describes a robust and simplemethod for generating
cerebral organoids fromhuman inducedpluripotent stemcells byusinga chemically definedhydrogel
material and chemically defined culture medium. This method, by virtue of its simplicity and use of
defined materials, greatly facilitates access to cerebral organoid technology, enables scalable appli-
cations, and provides a potential pathway to translational applications where defined components
are desirable.

INTRODUCTION

It has become increasingly apparent that three-
dimensional (3D) culture of both pluripotent

anddifferentiated cells results in important emer-

gent biological features absent in traditional

two-dimensional (2D) plate culture. Indeed, the

traditional concept of cells having the same phe-

notype in 2D and 3D is erroneous, with widely di-

vergent phenotypes developing in response to

their niche microenvironment, polarity, and ex-

tracellular matrix interactions [1]. Of particular

note is the ability of pluripotent stem cells (PSCs),

such as induced pluripotent stem cells (iPSCs) or

embryonic stem cells (ESCs), to self-organize under
various conditions to form complex tissue struc-

tures that recapitulate important developmental

features andadult structural and functional charac-

teristics typical of each particular tissue [2–4]. The

cellular and structural complexity of these organo-

ids and their fidelity to the structureof correspond-

ing tissues in vivomake themparticularly intriguing

asreadilyaccessible invitromodels forawiderange

of physiologic and metabolic studies, for pharma-

ceutical screens, and as models for human patho-

logical conditions. In addition, if scale-up methods

for organoid generation were readily available

and compliant with current good manufacturing
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practices, cells from organoids could potentially be used in ther-
apeutic applications [5, 6].

There is presently a particular need for the development of
organoid-based in vitrodiseasemodels forhumandevelopmental
neurological conditions that are difficult to reproduce in experi-
mental animal models and for neurodegenerative disorders with
complex genetics (e.g., Alzheimer’s disease, Parkinson’s disease,
and adrenoleukodystrophy). In these conditions, genes, gene
modifiers, and environmental factors all contribute to disease
and thus cannot be easily reduced to linear experiments that
would illuminate themechanismof action. As such, cerebral orga-
noids (cOrgs) derived frompatient and disease-specific iPSCsmay
be a unique opportunity for the generation of new knowledge
leading to clinically relevant interventions. In this regard, ameans
of generating relatively large and complex cOrgs was recently de-
scribed [5]. In that report the cOrgs were shown to contain neu-
rons and structural arrangements representing several different
brain regions within individual organoids and, furthermore, dem-
onstrated features of normal human brain development and
structure. The utility of this approach was elegantly demon-
strated by generation of iPSCs from patients with the neurodeve-
lopmental disorder microcephaly and subsequent production of
cOrgs that exhibited disease-specific features of this condition. As
such, the study demonstrated the potential for the creation of ac-
cessible in vitro models of human neurological diseases by using
the innate ability of pluripotent stem cells to differentiate into
neural lineages and self-organize in a manner that recapitulates
normal (or abnormal) development. Similarly, using ESCs,
Kadoshima et al. also recently reported the generation of remark-
ably complex cOrgs that showed spontaneous development of
intracortical polarity, curvingmorphology, and complex zone sep-
arations, which recapitulated normal human brain development
[6]. Thereby, these reports substantiated the complexity achiev-
able in cOrgs derived from PSCs and their applicability to in vitro
disease-modeling applications.

We are focused on establishing an in vitro disease model for
adrenoleukodystrophy (ALD), which in a subpopulation of af-
fected boys results in a devastating, progressive, degenerative
neurologic condition. ALD is an X-linked peroxisomal disease that
affects the nervous system, adrenal cortex, and testis, resulting
from mutations in the ABCD1 gene [7]. Several phenotypes can
result from this mutation, including adrenomyeloneuropathy, a
cerebral adult form, isolated Addison’s disease, and cerebral
childhood adrenoleukodystrophy (ccALD)—themost severe form
of ALD characterized by rapid neurologic decline from demyelin-
ation within the cerebral white matter [7]. More than 643 muta-
tions in theABCD1 genehavebeenassociatedwithALD; however,
correlations between specific mutations and ALD phenotypes
have remained elusive, thus implying that additional genetic, epi-
genetic, and/or environmental modifiers may be involved [8].
Currently, hematopoietic cell transplantation is the only treat-
ment able to stabilize ccALD, with early treatment being critical
for optimal long-term outcome [9]. Therefore, establishing early
screening mechanisms to identify which patients with ALDmuta-
tionswill present a ccALDphenotype is anenormous clinical need,
which is not yetmetwith the currently exploredmethods, such as
increased cerebral spinal fluid (CSF) cytokine levels [10], diffusion
tensor brain imaging [11], and chitotriosidase activity in plasma
and CSF [12]. ALD patient iPSC-derived cOrgs could serve as
a powerful in vitro model by which to study gene expression,
epigenetics, and effects of environmental factors, potentially

illuminating mechanisms of action and leading to clinically rele-
vant interventions as well as potential biomarkers that could
be used in early ccALD screening.

Although the method used by Lancaster et al. [5] to generate
cOrgs was highly effective, it has a high degree of complexity in
execution, requires costly neural induction cell culture constitu-
ents, and involves the use of a xenobiotic extracellularmatrixma-
terial. Here we report our development of a novel method for
generation of cOrgs that addresses these issues. The method is
robust, simple, doesnot requireneural induction components be-
yond those included in the Essential 8 (E8) medium, and uses a
chemically defined hydrogel, termed Cell-Mate3D. Histological,
immunohistochemical, and gene expression analysis combined
with calcium-signaling studies confirmed the cerebral organoid
phenotype, including evidence for forebrain, midbrain, and hind-
brain specification. Overall, this system may facilitate both basic
research and translational applications where defined compo-
nents are desirable.

MATERIALS AND METHODS

Preparation of Cell-Mate3D Dry Blend

Sodium hyaluronan (HA-Na) (original molecular weight [MW] =
1,600–1,800 kDa; polydispersity index [PDI], 4.0) and Chitosan
(CT) protonatedwith formic acid (CTNH3+) (originalMW=400–600
kDa; PDI, 3.0) were used in this study. Hyaluronan (HA; Lifecore
Biomedical, Chaska, MN, http://www.lifecore.com) was used as
received. CT (NovaMatrix; FMC Health and Nutrition, Princeton,
NJ, http://www.fmcbiopolymer.com) was received as a base at
85%–87.5%degreeof deacetylation andwasprotonatedwith for-
mic acid to 100% of available amine groups. Protonated chitosan-
basewaspreparedas a0.1% (wt/vol) solution, filter-sterilized (0.2
mm), andaseptically filled into120-ml sterile vials. TheCT solution
was lyophilized, reduced to small leaflets, and mechanically
blended with small particles of HA-Na at the mass ratio of HA-
Na = 1.0: CT = 1.44; carrying a charge ratio of CT-n+ = 2.0: HA-
Na-n2 = 1.0.

Preparation of Cell-Mate3D Hydration Fluid

Hydration fluid was produced by preparing a solution containing
37.5% of 10% LMD dextran 40 in 5% dextrose injection solution
USP grade (Pfizer, New York, NY, http://www.pfizer.com) and
51.75% of 0.9% sodium chloride injection solution USP grade
(Pfizer). pH was adjusted to 6.5 with a solution of 0.6% glycerol
phosphate disodium salt (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com) diluted in sterile water for injection
USP grade (Pfizer) and remaining volume consisted of sterile wa-
ter for injection USP grade (Pfizer).

Preparation of Cell-Mate3D Cocoon

The HA-CT dry blend was brought to room temperature and
mixed by vigorous vortexing. The dry blend was hydrated by
pipetting a cell suspension inhydration fluid under continuous ag-
itation. A total of 500 ml of the cell suspension containing 19 mil-
lion iPSCs (as whole colonies) was used to hydrate 35.5 mg of the
dry blend. The cell-loaded matrix was transferred into a 1-ml sy-
ringe barrel by centrifuging at 1,000g through a funnel apparatus.
This process produced a 400- to 500-ml cylinder of cell-embedded
matrix, which was then extruded from the syringe barrel, cut to
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100-ml sections, and placed into E8 culture medium (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com).

Derivation and Culture of iPSCs

Normal and ccALD iPSC lines described in Table 1were used. Cells
werederivedon irradiatedMEFcultures and transferred toMatri-
gel (Corning, Corning, NY, http://www.corning.com) and E8
Medium (Thermo Fisher Scientific Life Sciences, Waltham, MA,
http://www.thermofisher.com) for additional feeder-free expan-
sion. Cell lines were reprogrammed by using Cytotune IPS 1.0
(WT2, WT3, and WT4; Thermo Fisher Scientific Life Sciences) or
Cytotune 2.0 (ALD3; Thermo Fisher Scientific Life Sciences) or
were derived by using retroviral gene delivery using the
reprogramming factors Oct4, Sox2, Klf4, and c-Myc (WT1,
ALD1, and ALD2).

Culture of Cells in Cell-Mate3D and Induction of
Cerebral Organoids

IPSC-embedded matrices were cultured in E8 medium (Thermo
Fisher Scientific Life Sciences), and medium was changed every
3–4 days. Organoids spontaneously occurred within the matrix
and emerged out from thematrix between day 10 (D10) and D14.

RNA Isolation, Expression, and Analysis

Organoids were collected and lysed in RLT buffer (Qiagen, Venlo,
The Netherlands, http://www.qiagen.com) and stored at280°C
until processed. RNA was isolated from cell lysates by using the
RNA mini plus kit (Qiagen) according to manufacturer’s instruc-
tions. Off-column DNase treatment was performed by using
Turbo DNase (Thermo Fisher Scientific Life Sciences) according
to manufacturer’s instructions. cDNA was synthesized by using
Superscript III reverse transcriptase (Thermo Fisher Scientific Life
Sciences) permanufacturer’s instructions. Eachpolymerase chain
reaction (PCR) consisted of 20 ng of cDNA, 6ml of 13 SYBR Green
Mix PCR reaction buffer (Thermo Fisher Scientific Life Sciences),
and 100 nM primers (Integrated DNA Technologies, Coralville,
IA, https://www.idtdna.com; supplemental online Table 1) plus
RNase free water to equal 12 ml total. All reactions were run
in triplicate on a Realplex mastercycler (Eppendorf, Hamburg,
Germany, https://www.eppendorf.com) by using the following
program: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of
95°C for 15 seconds and 59°C for 60 seconds, followed by 95°C
for 15 seconds, 59°C for 20 seconds, a 20-minute ramp to 95°C,
and 95°C for 15 seconds. Results of gene expression were calcu-
lated by using expression relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), where DCt = (Ct gene of interest2 Ct
GAPDH). TheD (DCt) was then calculated relative to D0 of appro-
priate IPS line RNA, whereD (DCt) =DCt gene2DCt control. The
fold change relative to the control for each gene was then calcu-
lated, where fold change = 2-D(DCt). Samples with a Ct value
greater than35were considered to represent nogeneexpression.

Mechanical Properties Testing

Themechanical properties of the Cell-Mate3D cocoons, with and
without cells, were measured by using an AR-G2 rheometer from
TA Instruments (Schaumburg, IL, http://www.tainstruments.
com). The cocoons were prepared from 35.5 mg of the dry blend
hydrated with 500 ml of hydration fluid under continuous agita-
tion. Cell-laden cocoonswere preparedwith 19millionWT1 iPSCs

in the hydration fluid. After hydration, gels were shaped into cy-
lindrical disks with a diameter of 16 mm and height of 3 mm and
placed in 5 ml of E8 culture medium for 24 hours. Cocoons were
transferred to the Peltier plate and trimmed to the 8-mm parallel
plate with a gap of 2.2 mm. Strain sweeps were performed at a
constant frequency to select a percent strainwithin the linear vis-
coelastic regimenof thematrix. Frequency sweepswere thenper-
formed from 100 to 0.1 rad/second with 1% strain at 25°C. The
Young’s modulus, E, was calculated from the following formula:
E = 33 sqrt(G92 + G992), where values of the G9, the storagemod-
ulus, and G99, the loss modulus, were both included at 1 rad/
second in the calculation. Data are given as average 6 SE from
six independent experiments performed on different days, each
with a single replicate (n = 6). A Student’s t test statistical analysis
was used to compare E for the gels with and without cells.

Histology and Immunohistochemistry

Samples were placed in 10% neutral buffered formalin solution
and fixed at room temperature for 3.5 hours. After fixation, sam-
pleswere transferred to70%ethanol solutionuntil theywerepro-
cessed for routine paraffin embedding. Samples were then
sectioned 4-mm thick and stained with hematoxylin and eosin.
For immunohistochemical staining, sections were cut at 4 mm,
deparaffinized, and rehydrated, followed by incubation with 3%
hydrogen peroxide to quench endogenous peroxidase activity
and 15 minutes in serum-free protein block (DAKO, Glostrup,
Denmark, http://www.dako.com). Sections were then subjected
to appropriate antigen retrieval methods (if needed) and in-
cubated with the primary antibody at room temperature for
60 minutes (supplemental online Table 2). Stained sections were
examined by using anOlympus BH-2microscope (Olympus Amer-
ica, Center Valley, PA, http://www.olympusamerica.com) and im-
aged with a SPOT Insight 4 megasample digital camera and SPOT
Advanced software (Diagnostic Instruments Inc., SterlingHeights,
MI, http://www.spotimaging.com).

Cryosectioning

Organoids were collected at D14 and D28, washed twice with
phosphate-buffered saline (PBS; Sigma-Aldrich) and placed in
10% formalin at 4°C overnight. Samples were washed with PBS
and placed in 30% sucrose overnight at 4°C. Organoids were then
placed in amold, andmost of the sucrosewas removedwith blot-
ting paper. Samples were blocked in optimal cutting temperature
compound (Tissue-Tek; Sakura Finetek, AV Alphen aan Den Rijn,
The Netherlands, http://www.sakura.eu) for 20 minutes in dry
ice. Sections of 8-mm thickness were cut using a cryostat, model
CM3050 S (Leica Biosystems, Wetzlar, Germany, http://www2.
leicabiosystems.com). Sections weremounted on superfrost plus
slides (Thermo Fisher Scientific, Waltham, MA, https://www.
thermofisher.com) and stored at 220°C before processing for
immunocytochemistry.

Immunocytochemistry

Slideswere placed in PBS (Sigma-Aldrich) containing 0.1%Tween-
20 (Sigma-Aldrich) (PBS-T) for 10 minutes. Sections were blocked
with 1% bovine serum albumin (Sigma-Aldrich) and 0.1% Tween-
20 in PBS for 30 minutes at room temperature. Sections were in-
cubated with primary antibodies diluted in blocking buffer at 4°C
overnight. Sections were washed three times with PBS-T for 10
minutes each. Sections were incubated with secondary antibody
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(Alexa Fluor 488 or 555) in blocking buffer for 30minutes at room
temperature. All antibodies and dilutions used are detailed in
supplemental online Table 1. Samples were washed with PBS-T,
and slides were mounted with Vectashield mounting medium
containing 49,6-diamidino-2-phenylindole (Vector Laboratories,
Burlingame, CA, http://vectorlabs.com). Stained sections were
examinedwith a Bio-Rad confocalmicroscope (Bio-Rad Laborato-
ries, Hercules, CA, http://www.bio-rad.com).

Gross Sample Imaging

Gross images were obtained by using a SMZ1500 stereoscope
(Nikon, Chiyoda, Tokyo, Japan, http://www.nikon.com) and an
EVOLT E-300 camera (Olympus, Shinjuku, Tokyo, http://www.
olympus-global.com).

Calcium Imaging

Organoids were incubated in 10 mM Fluo-3 AM with PowerLoad
(Thermo Fisher Scientific Life Sciences) in culturemedium at 37°C
for 1 hour. Organoids were placed in a perfusion chamber, stabi-
lizedbyusing apolyestermesh, and superfused continuouslywith
extracellular medium containing 146 mM NaCl, 3 mM KCl, 2 mM
CaCl2, 2mMMgCl2, 1.25mMNaH2PO4, 10mMHEPES, 10mMglu-
cose, and 1 mM Na pyruvate (pH 7.4). Elevated potassium solu-
tions contained 50 mM KCl and 99 mM NaCl, as well as the
other constituents listed above. Frozen stock solutions of
100 mM glutamate were diluted 1,000-fold in culture medium
on the day of the experiment to yield 100mMfinal concentration.
All chemicals were purchased from Sigma-Aldrich. Glutamate or
elevated potassium solutions were both applied for 30–90 sec-
onds via the superfusate by using a four-way valve to switch
solutions.

Theperfusion chamberwasplacedon the stageof an inverted
microscope (Olympus model IX-70) equipped with a 340 oil
objective, aL DG-4 fluorescence lamp and wavelength switcher,
and a Hamamatsu Orca E2 camera (Hamamatsu Photonics,
Hamamatsu City, Japan, http://www.hamamatsu.com). MetaFluor
(Molecular Devices, Sunnyvale, CA, http://www.moleculardevices.
com) was used to acquire images at 1- to 2-second intervals, and
Fluo-3 fluorescence intensity in regions of interest corresponding
to cell bodies was plotted versus time using GraphPad Prism graph-
ing software (GraphPad Software Inc., La Jolla, CA, http://www.
graphpad.com).

The cOrg used for Calcium imaging was derived from cell line
WT1onD49. This cOrgwas cultured in E8medium for 33 days and
in neural induction medium containing a 1:1 mixture of DMEM/
F12 (ThermoFisher Scientific Life Sciences) andNeurobasal, 1:200

N2 (Thermo Fisher Scientific Life Sciences), 1:100 B27 (Thermo
Fisher Scientific Life Sciences), 3.5ml 2-mercaptoethanol per liter
(Thermo Fisher Scientific Life Sciences), 1:4,000 insulin (Sigma-
Aldrich), 1:100 L-glutamine (Thermo Fisher Scientific Life Sci-
ences), and 1:200 minimal essential medium nonessential amino
acids (Thermo Fisher Scientific Life Sciences) for an additional
18 days.

Statistical Analysis

The outcome variable for the quantitative reverse-transcription
polymerase chain reaction data was DDCt multiplied by 1,000.
Means and standard deviations were calculated and presented
at each time point for each gene within each cell line
(supplemental online Tables 3–7). Analysis of variance F-tests
were performed to compare themeans at D0 versus D14, D0 ver-
susD28, andD14versusD28. Becausemultiple comparisonswere
performed, Tukey-Kramer adjustments for the p values were
made to account for multiple testing within trait. All analysis
was performed by using Statistical Analysis Software (version
9.3; SAS Institute Inc., Cary, NC, http://www.sas.com). A two-
sided p value ,.05 was considered statistically significant.

RESULTS

Formation of iPSC Embedded Cell-Mate3D Hydrogel

Cell-Mate3Dhydrogels embeddedwith iPSCswere formedaspre-
viously described [13], except that here a chemically defined hy-
dration fluid composed of buffered dextran was used. Briefly, as
cells suspended in hydration fluid were added to the dry blend of
hyaluronic acid and Chitosan under high agitation (vortexing), a
gel formed instantly through polyelectrolytic complexation be-
tweenHACOO- andCTNH3+. The gelwas then formed into a cylinder
by placing it into a syringe barrel-funnel apparatus followed by
brief centrifugation. It was extruded from the syringe barrel,
cut into several 100-ul sections, and cultured in E8 medium
(Thermo Fisher Scientific Life Sciences). iPSCs were embedded
as large, undisrupted colonies.

Mechanical Properties of Cell-Mate3D Hydrogels

Oscillatory rheology was used to characterize the mechanical
properties of Cell-Mate3D with and without iPSCs. The Cell-
Mate3D samples had a storagemodulus, G9, greater than the loss
modulus, G99, indicating that gels had formed. The Young’s mod-
ulus of Cell-Mate3D with and without iPSCs was calculated to be
9,838 6 694 Pa and 10,111 6 1,673 Pa, respectively, and there

Table 1. iPSC lines and derivation methods

iPSC lines Sex Derived cell type Delivery method Reprogramming factors

ALD1 M Keratinocytes Retrovirus OCT4, SOX2,KLF4, c-MYC (Addgene)

ALD2 M Fibroblasts Retrovirus OCT4, SOX2,KLF4, c-MYC (Addgene)

ALD3 M Keratinocytes Cytotune 2.0 Polycistronic Klf4–Oct3/4–Sox2,
cMyc, and Klf4

WT1 F Fibroblasts Retroviral OCT4, SOX2,KLF4, c-MYC (Addgene)

WT2 M Corneal epithelial Cytotune 1.0 Oct3/4, Sox2, Klf4, and cMyc

WT3 F Peripheral blood Cytotune 1.0 Oct3/4, Sox2, Klf4, and cMyc

WT4 M Foreskin fibroblasts Cytotune 1.0 Oct3/4, Sox2, Klf4, and cMyc

Abbreviations: F, female; iPSC, induced pluripotent stem cell; M, male.
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wasno statistically significantdifferencebetween these twomea-
surements (p. .05).

Histologic Analysis

In our initial experiments using theWT4 human iPSC line cultured
in E8medium inCell-Mate3Dhydrogels, wenoted theemergence
of surface structures on the constructs between D10 and D14.
At this stage, the structures were up to approximately 1 mm in
greatest dimension and had an approximately spherical shape.
Histologic examination of these structures revealed a neural
morphology including the formation of neural rosettes and other
neuroepithelial structures consistent with the development of
cOrgs (Fig. 1). Using immunohistochemical stains, we further
evaluated these structures at D14 and found that the majority
of cells were strongly positive for b-3 tubulin, Sox2 (nuclear),
and nestin (cytoplasmic), consistent with neural differentiation
(Fig. 1). Noting the marked resemblance of these structures to
the cOrgs recently reported by Lancaster et al. [5], we undertook
further experiments to determinewhether this was a generalized
phenomenon among various iPSC lines.

Six additional human iPSC lines (Table 1), including three de-
rived from normal control subjects and three derived from pa-
tients with ccALD, were tested in this system. All demonstrated
the formation of cOrgs, which were typically visible by D10. His-
tologic and immunohistochemical analysis of D14 cOrgs in all
cases showed b-3 tubulin, Sox2, and nestin immunoreactivity
(Fig. 2), as seen in the initial cOrgs derived from theWT4 cell line.
In addition, the forebrain neural progenitor marker Pax6 was fre-
quently found in loose clusters of cells (Fig. 2). Furthermore, fro-
zen sections of cOrgs stained for both Sox1 and nestin, and
paraffin sections stained for both Sox2 and nestin, showed fre-
quent cells that were double-labeled, consistent with neural
stem/progenitor cells (Fig. 1). Many cells in cOrgs derived from
all iPSC lineswere positive for themidbrainmarker nuclear recep-
tor related 1 (Nurr1). Moreover, small clusters of cells in many of
the organoids from all iPSC lines were also positive for tyrosine
hydroxylase and had dendritic morphology consistent with the
formation of dopaminergic neurons (Fig. 2). More rarely, cells
expressing olig2, a marker of oligodendrocyte and motor neuron
progenitor cells, were found in some cOrgs fromall cell lines (data
not shown).

Additional experiments were carried out to D28 on all cell
lines (n = 7). D28 cOrgs were histologically and immunohisto-
chemically similar to those at D14, but tended to be larger, with
some attaining 2.5–3.0 mm in greatest dimension (Fig. 1), and
theseoften showed increased complexitywith additional nodules
budding from the initial organoid. Furthermore, compact regions
exhibiting early stratification of cells near the surfaces of the
cOrgs were also found that showed cells labeling for T-box brain
1 (Tbr1), doublecortin (Dcx), or reelin (Fig. 1), indicating early
stages of corticogenesis. Some of the cOrgs also completely sep-
arated from the surface of the hydrogel and were free-floating in
the cell culture plate. Concomitantwith the increase in size ofD28
cOrgs, there was increased cell death in central regions of many
organoids, as indicated by nuclear pyknosis, karyorrhexis, and cell
fragmentation.

Gene Expression in Cerebral Organoids

To further characterize cOrg development, we analyzed expres-
sion of forebrain (Forkhead box G1 [FoxG1] and sine oculis

homeobox 3 [SIX3]), hindbrain (early growth response 2 [EGR2]
and Islet 1 [ISL1]), and corticogenesis (DCX and Reelin) markers
in undifferentiated iPSCs, D14 cOrgs, and D28 cOrgs derived from
two control and two ALD patient hiPSC lines (Fig. 3; supplemental
online Tables 3–7). Both forebrain markers were significantly
upregulated in cOrgs above those in undifferentiated iPSCs in
all four cell lines individually, and the combined analysis showed
significantly increased expression at both time points for FOXG
(p , .0004) or for SIX3 only D14 (p = .0001). Both hindbrain
markers were also expressed in cOrgs derived from all cell lines
and, with the exception of EGR2 in the WT1 cell line, were
expressed at a level significantly (p, .05) above the undifferen-
tiated iPSCs at one or both time points. However, because of the
variation in expression of EGR2 among the cell lines, the differ-
ences in expression did not attain significance in the overall anal-
ysis (p. .30). Expression of ISL1was significantly elevated above
expression in undifferentiated iPSCs in the combined analysis on
D28 (p, .02). Both corticogenesis markers were expressed and
significantly upregulated in all cell lines above the undifferenti-
ated iPSCs.DCX expression in the overall analysiswas significantly
elevated at both D14 (p, .02) and D28 (p, .0001), and Reelin
expression in theoverall analysiswas significantly elevated atD28
(p, .0001).

Physiologic Assessment of Cerebral Organoids

To assess the functional characteristics of putative neurons in the
cOrgs, responses to depolarization (evoked by elevation of extra-
cellular potassium) and to bath-application of the excitatory neu-
rotransmitter, glutamate, were examined by using the calcium
indicator Fluo-3. Increases in intracellular calcium concentration
in response to superfusion with 50 mM Kwere observed in three
different cOrgs derived fromWT4.One cOrg thatwas cultured for
33 days in E8medium and 18 days in neurobasal medium showed
up to10–20 cells respondingper field (Fig. 4). In this samecOrg, all
of the cells in three different fields also responded to 100mMglu-
tamate with an increase in intracellular calcium concentration
(Fig. 4). These responses are consistent with those expected to
be observed in functioning neurons.

DISCUSSION

cOrgs derived frompatient and disease-specific iPSCs could be an
exceptionally valuable tool for in vitromodeling of a variety of hu-
man neurological disorders, for the study of neurodevelopment,
for neurophysiologic studies, for pharmaceutical drug screening,
and as a source of therapeutic cells. In the present study, we de-
scribe a novel method for generating cOrgs that, by its simplicity,
rapidity, and use of only defined cell culture and matrix compo-
nents, may serve to accelerate the use and further development
of this technology.

Methods available to date have relied upon the use of a xe-
nobiotic extracellularmatrix component (Matrigel) that could im-
pose limits on downstream applications of cOrg technology.
Generation of cOrgs using our method eliminates the need for
this component and thus enables translational applications such
as the production of therapeutic cells and use of the cell embed-
ded hydrogel for pharmaceutical or toxicity screening where
consistent and reproducible manufacturing are of critical impor-
tance. The method may also serve to accelerate studies of the
mechanisms involved in PSC differentiation. For example, a
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recent study suggests that spontaneous differentiation is a de-
fault of the primed iPSC and that this is regulated by concerted
or opposing actions of Wnt and Fgf2 [14]. Our method of cOrg
generation could serve as a unique tool for the study of such founda-
tional signaling in health and disease, including ALD.

We also provide preliminary evidence for the use of this
method for the in vitro modeling of ALD and potentially other
neurodegenerative diseases. Previously, the potential for cOrgs
to model human neurodevelopmental disorders in vitro was
elegantly demonstrated by Lancaster et al. [5] in showing
disease-specific alterations in cOrgs derived from patients with
microencephaly. cOrgs produced in that study showed remark-
able size and complexity, which included cortical epithelia that
exhibited biologically relevant neuronal layers [4]. In addition,
suspension culture has been extensively used to generate

complex neuronal tissue-like structures fromPSCs. This paradigm
involved forming PSCs into embryoid bodies, followed by the ad-
dition of conditioned hepatocellular carcinoma medium [15, 16]
or, more recently, employment of the “serum free embryoid
body-like” (SFEB) method.

The SFEB method uses PSC colonies, or colonies that are dis-
sociated and reaggregated and then cultured in defined medium
combined with potent chemical inhibitors to encourage specific
cell lineages, such as telencephalic precursors [16] or cortical neu-
roepithelia [17]. Although stratification of both dividing and non-
dividing cortical cells, and sequential layering of deep layer and
upper layer neurons in SFEB culture has been shown, an in
vivo-like neuroepithelium phenotype that exhibits an inside-
out-like pattern has not been achieved by using this method
[17–20]. Lancaster et al. [5] overcame this difficulty by employing

Figure 1. Gross appearance, histology, and immunofluorescence of cerebral organoids (cOrgs) derived from human induced pluripotent stem
cells (hiPSCs) embedded in Cell-Mate3Dmatrix and cultured in E8medium. (A):Gross photograph of day 28 cerebral organoid (arrows) attached
to matrix. Scale bar = 1 mm. (B): Neural rosettes (arrows) in cOrg derived fromWT3 induced pluripotent stem cell line at day 14 (D14). Hema-
toxylin and eosin stain. Scale bar = 50mm. (C):Neural tube-like structure inD14 cOrg derived fromALD1 hiPSC line. Hematoxylin and eosin stain.
Scale bar = 50 mm. (D): D14 cOrg derived from ALD1 hiPSC line and immunohistochemically stained for b-3 tubulin. Scale bar = 1,236 mm. (E):
Immunofluorescent stain showing colocalization of Sox1 (red) andnestin (green) in a cell of a neural tube-like structure and surrounding area in a
cOrg fromWT1hiPSC line at D14. Scale bar = 60mm. (F): Immunofluorescent stain showing Sox2 (green) and nestin (red) colocalization in neural
rosettes in a cOrg from ALD2 hiPSC line at D14. Scale bar = 18mm. (G–I): Immunofluorescent staining of neurocortical-like regions in D28 cOrgs
for Tbr1 (ALD3) (G), doublecortin (ALD1) (H), and reelin (WT3) (I). Scale bars = 30 mm (G) and 15 mm (H, I).
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their method, which included the formation of embryoid bodies
(EBs), followed by placement of the EBs into Matrigel, and expo-
sure to specific kinase inhibitors and a combination of neural in-
duction media. While Although highly effective, this method was
complex and relied on the use ofMatrigel, which tends to limit its
use for some applications. Another limitation noted by Lancaster
et al. [5] was that cOrgs tended to develop central areas of cell
death, which limited their growth, which was circumvented by
the use of spinner flasks to create convection and improve nutri-
ent and gas exchange. This tendency for central regions to begin
to show cell death was also found in cOrgs generated by our
method and will require the further development of methods
to improve nutrient and gas exchange, such as the use of spinner
flasks, gas-permeable culture dishes, and/or flow-through meth-
ods of cell culture.

Although the concept of what defines a tissue organoid is still
evolving, a recently proposed definition states that they: (a) con-
tain multiple organ-specific cell types, (b) are capable of recapit-
ulating some specific function of the organ, and (c) cells and
structures are grouped together and spatially organized similar
to an organ [4]. In our constructs, virtually all cells expressed
the general neural marker b-3 tubulin, and many also coex-
pressed the neural progenitor cell markers Sox1/nestin or

Sox2/nestin. Further immunohistochemical evidence of regional
specification was seen in the expression of the midbrain marker
Nurr1 in many cells and expression of the forebrain marker Pax6
or cortical markers Tbr1, doublecortin, or reelin in local groups of
cells. Regional specification was further supported by our gene
expression analysis that showed evidence for expression of fore-
brain (FoxG1 and Six3) in all cell lines and hindbrain (Egr2 and Isl1)
markers. Finally, cells within the putative cOrgs showed immuno-
histochemical evidence of distinct neural cell types, including ty-
rosine hydroxylase (dopaminergic neurons), reelin (Cajal-Retzius
cells), and doublecortin (cortical neurons). Along with this, our
gene expression analysis further indicated cortical differentiation
with significantly increased expression in cOrgs of both double-
cortin (D14 and D29) and reelin (D28). Together, these findings
support our conclusion that our putative cOrgs exhibit a diversity
of neural-specific cell and region-specific differentiation path-
ways thatmeet cOrg criterion1 above. Next, our physiologic stud-
ies indicated that cell populations in our putative cOrgs
responded to glutamate in a manner consistent with neurons,
and thusmet criterion 2 for appropriate cell functionality. Finally,
the putative cOrgs in our studies showedmultiple neuroepithelial
structures such as rosettes and larger neural tube-like struc-
tures as well as sites of early corticogenesis consistent with

Figure 2. Representative immunohistochemical staining panels for neural markers on day 14 cerebral organoids (cOrgs) derived from control
(WT1andWT3)or cerebral childhoodadrenoleukodystrophy patient (ALD2) human inducedpluripotent stemcells (hiPSCs). Themajority of cells
within all cOrgs derived from either control or adrenoleukodystrophy (ALD)-patient hiPSCs stained for b-3 tubulin, Sox2, and nestin. More lo-
calized expression of Nurr1 and Pax6was seen inmost cOrgs. Tyrosine hydroxylase positive cells, which often exhibited neuronal-like processes,
were found in loose groupings in many of the cOrgs. Scale bars = 50 mm. Specific immunohistochemical stains (brown stain) with hematoxylin
(blue) nuclear stain. Abbreviation: Nurr1, nuclear receptor related 1.
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developmental architecture of the central nervous system and,
therefore, fulfill the requirements for having the appropriate
structural organization of criterion 3 (above).

Although the mechanism underlying neural differentiation
observed in our chemically defined system was not elucidated
in this study, it is possible that cell-matrix interactions and/or
the stiffness of the microenvironment could play a role in cOrg
development described here. HA has been found to be present
in the extracellular matrix in the neural stem cell niche and in
the embryonic and adult central nervous system, and it playsmul-
tiple roles in proliferation and differentiation [21]. HA, a major
component of the Cell-Mate3D matrix, is known to interact with
several cell surface receptors, including CD44, the receptor for
hyaluronic acid mediated motility (RHAMM) [22, 23], TLR2, and
TLR4 [24, 25]; however, which, if any, of these might mediate
or influence the neural differentiation in our system has yet to
be determined. Others have demonstrated that matrix stiffness
alone can influence cell fate, and that culturing cells on or in
materials of varying stiffness can direct PSCs to a number of line-
ages, including neuronal lineages [26–28]. In our preliminary

assessment, we found a Young’s modulus for the Cell-Mate3D
hydrogel alone to be 10,111 6 3,742 Pa and that of an iPSC-
embedded Cell-Mate3D matrix to be 9,838 6 1,552 Pa. There
wasno statistically significantdifferencebetween these twomea-
surements, and therefore the entrapment of iPSCs in the Cell-
Mate3D gels had no effect on the mechanical properties of the
gels. A decrease in the Young’s modulus of a hydrogel after en-
trapment of cells has been previously demonstrated and was at-
tributed to embedding cells that are softer than the gel and the
disruption of interactions between the gel fibers [29]. Interest-
ingly, Engler et al. showed that mesenchymal stem cells differen-
tiate to a neural lineage on a substrate stiffness of 0.1–1 kPa [26],
and Leipzig and Shoichet showed that neural stem/progenitor
cells will differentiate to neurons, astrocytes, and oligodendro-
cytes when cultured on substrates of stiffness between 0.6 and
7 kPa, whereas on stiffer substrates ($ 10 kPa), they will differ-
entiate to oligodendrocytes [30]. Native brain tissue has been
measured to range from 0.5–1 kPa [31–33]. Other groups have
demonstrated similar results using materials containing HA
[34–36]. Thus, using the oscillating plate rheometermethodology

Figure3. Quantitative reverse-transcription polymerase chain reaction analysis of geneexpression for forebrain, hindbrain, and corticogenesis
markers in undifferentiated human induced pluripotent stem cells, day 14 cerebral organoids (cOrgs), and day 28 cOrgs. Values indicated are
mean6 SD. Data are given for gene expression for each individual cell line at D0 (undifferentiated induced pluripotent stem cell), D14, andD28,
and the “overall” analysis included pooled data from all four cell lines (WT1, WT3, ALD1, and ALD3) at each time point. Abbreviations: DCX,
doublecortin; EGR2, early growth response 2; FOXG1, Forkhead box G1; ISL2, islet 2; SIX3, sine oculis homeobox 3.
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the Cell-Mate3D hydrogel had a higher elastic modulus than was
previously reported topromoteneural differentiation, suggesting
that additional factors may be influencing this phenomenon in
our system.

CONCLUSION

Here, we demonstrated that iPSCs derived from both ALD-
affected individuals and patient controls consistently form cOrgs
under the study conditions described here. Therefore, this
method is suitable for the development of an in vitro model of
ALD or other neurodevelopmental or neurodegenerative dis-
eases. Although not intended to assess differences between
ALD and control patient-derived cOrgs these initial studies did
not reveal any unequivocal differences in frequency of cOrg for-
mation, size, complexity, expressionof differentiationmarkers, or
gene expression. However, because the pathogenesis of ccALD
likely involves more subtle alterations in metabolism of neurons,
astrocytes, or oligodendrocytes we envision that further metab-
olomic, proteomic, and geneexpression studies ofmuch finer res-
olution than these initial studieswill be needed to assess the cOrg
model of ALD.
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Figure 4. Physiologic response of cells within a cerebral organoid derived from control human induced pluripotent stem cell line WT1 to glu-
tamate and potassium (K+). Intracellular calcium concentration increased upon bath application of glutamate (100mM)and elevated potassium
concentration (50 K; 50mM). Upper: False color images showing Fluo-3 fluorescence intensity before (1), at the peak (2), and after recovery (3)
from the response to glutamate. Image at far right is an IR transmitted light image of the same field. Scale bar = 10 mm. Lower: Plot of fluo-
rescence intensity over time showing Fluo-3 fluorescence in the region indicated by the circle on the images above. Glutamate and elevated
potassium were bath applied during the times indicated by the black bars. Abbreviation: Glut, glutamate.
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