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ABSTRACT

Researches on neural differentiation using embryonic stem
cells (ESC) require analysis of neurogenesis in conditions
mimicking physiological cellular interactions as closely as

possible. In this study, we report an air-liquid interface-
based culture of human ESC. This culture system allows

three-dimensional cell expansion and neural differentiation
in the absence of added growth factors. Over a 3-month
period, a macroscopically visible, compact tissue devel-

oped. Histological coloration revealed a dense neural-like
neural tissue including immature tubular structures. Elec-

tron microscopy, immunochemistry, and electrophysiologi-
cal recordings demonstrated a dense network of neurons,
astrocytes, and oligodendrocytes able to propagate signals.

Within this tissue, tubular structures were niches of cells

resembling germinal layers of human fetal brain. Indeed,
the tissue contained abundant proliferating cells express-
ing markers of neural progenitors. Finally, the capacity to

generate neural tissues on air-liquid interface differed for
different ESC lines, confirming variations of their neuro-

genic potential. In conclusion, this study demonstrates in
vitro engineering of a human neural-like tissue with an or-
ganization that bears resemblance to early developing

brain. As opposed to previously described methods, this
differentiation (a) allows three-dimensional organization,

(b) yields dense interconnected neural tissue with structur-
ally and functionally distinct areas, and (c) is spontane-
ously guided by endogenous developmental cues. STEM
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INTRODUCTION

Given the complexity of the central nervous system (CNS),
the study of human brain development is a major challenge,
which can only partially be addressed by extrapolation from
animal experiments. Direct functional studies of human brain
development are extremely difficult for ethical reasons. Thus,
relevant in vitro models of human brain development are
needed. The potential of human ESC to provide such models
has been readily recognized; however, so far studies have
focused on cellular development and not on tissue formation.

During embryogenesis, the CNS develops from neural
progenitor cells (NPC) within the ectodermal germ layer.
NPC are specified in space and time, becoming heterogeneous
and generating a progressively restricted repertoire of mature
neural cell subtypes [1]. The CNS originates as a sheet of
cells made up of primary NPC, also referred as neuroepithe-
lial cells. The latter forms the neural tube, easily discernable
in humans by the end of the third week of gestation [2, 3].
The evolving neural tube is a germinative center containing
NPC that self-renew and produce both neurons and glia. The
neural tube germinative activity progressively decreases dur-
ing development, the latter being replaced by the ventricular
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system and spinal canal. Low numbers of NPC persist into
the adult brain in the subventricular zone and the subgranular
zone of the dentate gyrus in the hippocampus [4].

NPC in the evolving neural tube are radially oriented and
contact both the apical (ventricular) and basal surfaces [1].
During brain development, they divide symmetrically or
asymmetrically at the ventricular surface, forming a germina-
tive center that produces radially neurons and glia [5]. By the
onset of neurogenesis, neuroepithelial cells are progressively
replaced by radial glial cells [6]. Radial glial cells divide in
the evolving ventricular zone and produce neurons and glia
[7, 8].

NPC can be derived in vitro from ESC and can be
expanded in the presence of growth factors such as basic
fibroblast growth factor (bFGF), epidermal growth factor
(EGF), or leukemia inhibitory factor. Subsequently, they can
be differentiated toward mature neurons, astrocytes, or oligo-
dendrocytes through treatment with externally added factors
[9–16]. A fraction of ESC-derived NPC spontaneously organ-
ize in vitro into rosettes; these neurogenic structures [10] are
suggested to share some similarities with the neural tube.
However, with the techniques applied so far, differentiation of
NPC does not lead to a dense neuronal tissue; rather, the
NPC grow as highly heterogeneous neural cell cultures.

This study demonstrates that in vitro expansion/differen-
tiation of human ESC-derived NPC using an air-liquid inter-
face system allows generation of an organized three-dimen-
sional neural tissue. This tissue presents more phenotypic and
structural similarities with the early developing human fetal
brain than previously described methods.

MATERIALS AND METHODS

Culture of Undifferentiated ESC

ESC cell lines H1 and H9 were from WiCell Research Institute
(Madison, WI, http://www.wicell.org), and the HS-401 cell line
was provided by Outi Hovatta, Karolinska Institute, Karolinska,
Sweden). H1 and H9 were maintained in 80% Dulbecco’s modi-
fied Eagle’s medium (DMEM)/Ham’s F-12 medium (F12), 20%
Knockout serum replacement, 2 mM L-glutamine, 1% nonessen-
tial amino acids, 0.1 mM b-mercaptoethanol, and 4 ng/ml bFGF.
Mouse embryonic fibroblasts were used as feeders and isolated
from embryos of pregnant CF-1 mice (Charles River Laborato-
ries, Wilmington, MA, http://www.criver.com). Human foreskin
fibroblasts were used as feeders for HS-401 and were from Amer-
ican Type Culture Collection (CCL-110; American Type Culture
Collection, Manassas, VA, http://www.atcc.org). Fibroblasts were
cultured in DMEM, 10% fetal bovine serum, and 1% penicillin/
streptomycin. Feeders were mitotically inactivated by irradiation
(40 Gy) before being seeded on a gelatin-coated plate.

Isolation of Gliomaspheres

Viable fragments of high-grade human glioblastoma were trans-
ferred to a beaker containing 0.25% trypsin in 0.1 mM EDTA
(4:1) and slowly stirred at 37�C for 30-60 minutes. Dissociated
cells were plated in 75-cm2 tissue culture flasks plated at 2,500-
5,000 cells per cm2) in DMEM/F-12 medium (1:1) containing the
N2, G5, and B27 supplements (all from Invitrogen, Carlsbad,
CA, http://www.invitrogen.com). After a delay ranging from 2 to
47 days, spheres bloomed from clusters of adherent cells and
detached in the medium.

ESC-Derived NPC Induction

For the feeder-dependent method, MS5 stromal cell line (pro-
vided by Katsuhiko Itoh, Kyoto University, Kyoto, Japan) [17]
were maintained in a-minimal essential medium (Invitrogen) con-

taining 10% fetal bovine serum and 2 mM L-glutamine. NPC dif-
ferentiation was induced by coculture with MS5. Five to 10 clus-
ters were plated on a confluent layer of irradiated (50 Gy) MS5
in DMEM, 15% Knockout serum replacement (Invitrogen), 2 mM
L-glutamine, 10 lM b-mercaptoethanol, and 1% penicillin/strepto-
mycin. After 2 weeks, cultures were switched for 2 additional
weeks to N2 medium (DMEM with 4.5 g/l glucose, N2 supple-
ment [Gibco, Grand Island, NY, http://www.invitrogen.com], 10
ng/ml bFGF (Invitrogen), and 1% penicillin/streptomycin).

ESC were also induced to NPC in feeder-independent condi-
tions. Small ESC aggregates were induced in neural induction
medium (DMEM/F12, N2 supplement [Gibco] and 1% penicillin)
during 4 days. Aggregates were then plated on 0.01% polyorni-
thine, 1 lg/ml laminin-coated dishes containing neural induction
medium.

Air-Liquid Interface Expansion/Differentiation
of NPC

Rosette-enriched clusters were manually removed, and 5-10 clus-
ters were plated on a hydrophilic polytetrafluoroethylene (PTFE)
membrane (6 mm diameter, 0.4 lm; BioCell-Interface, La
Chaux-de-Fonds, Switzerland, http://www.biocell-interface.com).
This membrane was deposited on a Millicell-CM (0.4 lm) culture
plate insert (Millipore, Billerica, MA, http://www.millipore.com)
(Fig. 1). One milliliter of N2 medium was added underneath the
membrane insert.

Neural Differentiation of ESC in Two Dimensions

Generation of Neural Spheres. ESC were detached with type
IV collagenase (1 mg/ml) and cultured in suspension in ultralow-
attachment plates (Corning Costar, Acton, MA, http://www.
corning.com/lifesciences) for 3 weeks in neural induction medium.

Neural Differentiation in Adherent Conditions. Four-day
neural spheres were plated at low density on 1 lg/ml laminin-
coated plates. After 1 week, rosette-enriched clusters were
detached and dissociated with trypsin/EDTA before being
replated at low density on laminin in neural differentiation me-
dium (neurobasal supplemented with B-27 (all from Gibco) and
10 lg/ml human recombinant BDNF [R&D Systems Inc., Minne-
apolis, http://www.rndsystems.com]).

Immunofluorescence

Samples were fixed in phosphate-buffered saline (PBS)/4% para-
formaldehyde for 30 minutes at room temperature, dehydrated,
and embedded in paraffin. The sections (10 lm) were then depar-
affined, rehydrated, and heated in citrate buffer (0.01 M; pH 6.0)
in a 620-W microwave oven for 15 minutes. The sections were
then incubated overnight at þ4�C with appropriate dilutions of
primary antibodies in PBS containing 0.2% Triton X-100 and
10% serum from the species corresponding to the secondary anti-
body. After washing in PBS, sections were incubated in PBS/
0.2% Triton X-100 for 1 hour 30 minutes at room temperature
with the appropriate dilution of secondary antibody, washed
again, and incubated with 300 nM 4,6-diamidino-2-phenylindole
for 15 minutes. Sections were finally washed in PBS and rinsed
with water before being mounted in FluorSave medium (Calbio-
chem, San Diego, http://www.emdbiosciences.com). For fetal
brain analysis, the brains of human aborted fetuses were obtained
from the Neuropathology Unit, in accordance with our institu-
tional ethics comity.

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction was performed on different
old stage samples. Reactions were run on an ABI Prism 7900 HT
detection system (Applied Biosystems, Foster City, CA, http://
www.appliedbiosystems.com). ALAS and GusB were used as
housekeeping genes. As these genes behaved similarly in all sam-
ples examined, data were normalized to the ALAS level.
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Sequences of the primers are described in supporting information
Table 1.

Electrophysiological Recordings

Samples were transferred to a multi-electrode array system and
maintained at 33�C. The tissues were positioned so that their dif-
ferent regions were in contact with electrodes. Evoked field
potentials could be recorded as described [18, 19].

Transmission Electron Microscopy

Fixation of the membrane-associated tissue was performed by
incubation in 3% glutaraldehyde for 2 hours. The fixed tissue was
washed three times with PBS, dehydrated in ethanol, embedded
in epoxy resin, and processed for electron microscopy as
described previously [20]. Sections were contrasted with uranyl
acetate and lead citrate and observed with a Technai 20 electron
microscope (FEI, Eindhoven, The Netherlands, http://www.fei.
com).

Figure 1. Three-dimensional air-liquid
interface culture of ESC-derived neural
precursors. (A): Schematic representations
of air-liquid interface culture. Colonies of
human ESC (H1 line) were induced to dif-
ferentiate toward neural precursor cells
through coculture with MS5 stromal cells
or culture in chemically defined neural
induction medium; after 1 month, rosette-
rich clusters were mechanically removed
and plated on semipermeable membranes.
(B–D): Expansion on membrane of MS5-
induced rosette clusters. Rosette cluster
before removal and plating (B). (C): Cell
growth 1 week after plating; dotted zones
indicate the location of three initially plated
clusters. (D): Development of a compact
cell mass 1 month after plating, showing
numerous newly formed rosettes. (E):

Early aggregates of human ESC after 4
days of suspension culture in a chemically
defined neural induction medium were
directly plated on semipermeable mem-
branes. (F–I): Expansion of early ESC
aggregates. Ten to twenty 4-day-old ESC
aggregates were plated (F). Two days after
plating, ESC aggregates attached and rap-
idly fused to form clusters (G). One month
after plating, ESC aggregates develop to a
compact cell mass similar to that observed
with rosette-rich clusters (H). (I): Macro-
scopic view after 1 month of culture.
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Antibodies

The following primary antibodies against human antigens were
used: rabbit anti-cleaved caspase-3 (Cell Signaling Technology,
Beverly, MA, http://www.cellsignal.com), mouse anti-cyclic nu-
cleotide phosphodiesterase II (CNPase II), rabbit anti-Musashi,
mouse anti-myelin oligodendrocyte-specific protein, rabbit anti-
nestin, mouse anti-neuronal nuclei-specific protein (NeuN), mouse
anti-VGlut-1, mouse anti-vimentin, rabbit anti-Sox-1, mouse anti-
synaptophysin, rabbit anti-tyrosine hydroxylase (all from Chemi-
con, Temecula, CA, http://www.chemicon.com), goat anti-Pax-6,
goat anti-doublecortin (all from Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, http://www.scbt.com), mouse anti-proliferating
cell nuclear antigen (anti-PCNA), rabbit anti-glial fibrillary acidic
protein (anti-GFAP) (all from Dako, Glostrup, Denmark, http://
www.dako.com), mouse anti-bIII-tubulin (Sigma-Aldrich, St.
Louis, http://www.sigmaaldrich.com), and rabbit anti-bIII-tubulin
(Covance, Princeton, NJ, http://www.covance.com). The follow-
ing fluorochrome-labeled secondary antibodies were used: Alexa
Fluor (555 or 488)-labeled antibodies from goat or donkey
against mouse, goat, or rabbit (Molecular Probes, Eugene, OR,
http://probes.invitrogen.com).

RESULTS

ESC-Derived NPC Expand on Air-Liquid Interface
Cell Culture System

ESC-derived NPC were induced by either feeder or feeder-in-
dependent conditions (Fig. 1A). The two methods allowed ro-
sette cluster formation after 1 month (Fig. 1B). These rosettes
consisted mainly of cells expressing NPC markers such as
nestin, Sox-1, Musashi-1, and Pax-6 (data not shown). We
proceeded them toward an air-liquid interface culture system
of rosette-clusters similar to that previously used for tissue
explants [21]. For that purpose, clusters were manually iso-
lated and plated on precut patches of hydrophilic PTFE mem-
branes before deposition on a culture insert (Fig. 1A). By
addition of the culture medium only underneath the insert, the
clusters were covered by capillarity by a very thin film of me-
dium, allowing important air diffusion. One week after insert
plating, neuroepithelial clusters had increased in size. Figure
1C shows a culture that consisted initially of four plated clus-
ters that grew and merged within 1 week. After 1 month in
culture, most of the initial cell clusters had merged, generat-
ing a compact cellular mass, covering the membrane, with
numerous newly formed rosettes (Fig. 1D).

To investigate whether the method could be further sim-
plified, we used early ESC aggregates obtained using a mini-
mal neural induction medium (Fig. 1E). Such aggregates were
only deposited on the membrane (Fig. 1F). After 2 days, they
merged (Fig. 1G) and, after 1 month, developed into a cell
mass (Fig. 1H, 1I).

NPC Cultured on Air-Liquid Interface Develop into
a Three-Dimensional Tissue

Cell masses obtained by the three different methods were
processed for histological investigation. In the case of feeder-
induced NPC, hemalun/eosin staining showed cells organized
in a three-dimensional tissue-like structure (Fig. 2A). The tis-
sue was heterogeneous, since immature mesenchymal zones
(Fig. 2B) and dark pigmented zones (Fig. 2C) could be
observed within the cell mass. Feeder-free induced rosettes
(Fig. 2D) or directly plated ESC aggregates (Fig. 2E) gener-
ated tissues with significantly fewer mesenchymal and dark
pigmented zones. Higher magnification revealed regions with
distinct histological features. First, there were tubular struc-

tures including radially oriented cells. Their dense nuclear
staining and weaker cytoplasmic staining suggested immature
structures (Fig. 2F, black arrow). Second, there were more
mature zones devoid of organization, with less nuclear stain-
ing but more pronounced cytoplasmic staining (Fig. 2F,
asterisk).

Other sources of NPC were also tested in their ability to
generate a tissue using air-liquid interface cell culture system.
Neurospheres including progenitors that were isolated from
gliomas (H.C., manuscript in preparation) developed into a
dense three-dimensional tissue (Fig. 2G). However, no organi-
zation was observed (Fig. 2H).

Air-Liquid Interface Culture Induces a Neural
Tissue Including Germinative Niches of NPC

The phenotype of cells forming the tubes obtained in the liq-
uid/air interphase culture was first analyzed in detail (Fig. 3).

• Many cells of the tube walls expressed PCNA, indicative
of their mitotic activity. In contrast, mature zones contained
few PCNA-positive cells (Fig. 3A).

• The radially organized cells forming the tubes were positive
for molecules expressed in NPC: nestin, Musashi-1 (Fig.
3B, 3C). Note the radial organization of nestin-expressing
filaments inside the tube walls (Fig. 3B). Pax-6 was the
most documented transcription factor involved in neurogen-
esis and found to be expressed in the germinal layer of
human developing fetal brain [22, 23]. Pax-6 was expressed
in all cells forming tubes, confirming an NPC identity of
such structures (Fig. 3D).

• Sox-1 was found in tubes and cells outside the tubes (few
PCNA staining) (Fig. 3E). Cells within tubes coexpressed
Pax-6and Sox-1 (Fig. 3F).

• Cells of the tube expressed also the intermediate filament
vimentin but not the astrocytic protein GFAP (Fig. 3G).

• Brain lipid-binding protein (BLBP) was observed in prolif-
erating cells, as well as filament around tubes (Fig. 3H). In
the developing mouse CNS, this protein has been correlated
with neuronal differentiation in many parts of the mouse
CNS, and studies have shown that BLBP is transiently
expressed in radial glia in the embryonic ventricular zone
(VZ) [24].

Together, these observations strongly suggest a proliferat-
ing NPC identity for cells within tubular structures. Such
NPC resemble early rather than late fetal or adult brain NPC,
inasmuch as they do not express astrocytic markers [1].

The nature of the tissue around tubes was next investi-
gated. It was constituted of cells expressing the neuronal
marker bIII-tubulin (Fig. 4A). The postmitotic cells being ad-
jacent to tubes expressed the neuroblast marker doublecortin
but not PCNA (Fig. 4B). The neuronal nature of such cells
was confirmed by electron microscopy, showing densely
packed neurites (Fig. 4C).

Strikingly, cells expressing the astrocytic markers GFAP
were observed earliest after 2-month NPC culture (Fig. 4D).
This delayed expression is reminiscent of the in vivo situation
[1]. Moreover, the early oligodendrocyte marker CNPase II
was expressed, suggesting the presence of immature oligoden-
drocytes within the differentiated tissue (Fig. 4E). In addition,
coloration of tissue sections with the Luxol Blue and Biel-
chowski methods did not show any myelinization process
(data not shown).

Some cells distant from tubes expressed NeuN (Fig. 4F)
and synaptophysin (Fig. 4G), which are indicative of the
mature stage of neuronal development. The glutamatergic and
cholinergic nature of neurons was evidenced by
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immunostaining of the vesicular neurotransmitter transporters
VGlut-1 (glutamate) and VAchT (acetylcholine) (Fig. 4H, 4I).
Few tyrosine hydroxylase-positive neurons were observed
(data not shown), indicating that dopaminergic and/or other
catecholaminergic neurons were rare. The presence of mature
neurons establishing connections was suggested by electron
microscopy observation of structures resembling synapses
(Fig. 4J) and the ability of the tissue to receive and propagate
electrical signals. Indeed, successive electrical stimulations (2
V, 200 microseconds) with 50- or 10-millisecond intervals
induced the propagation of an electrical signal that is typical
of a group of neurons (Fig. 4K). It is noteworthy that the
reduced propagation intensity after a short interval (10 milli-
seconds) indicated a paired-pulse inhibition process, suggest-
ing the presence of a negative regulatory loop.

To confirm the neural phenotype of the ESC-derived tis-
sue, expression of genes involved in early brain development
was analyzed 2 and 4 weeks after plating on the insert. The
pluripotency marker Oct-4 decreased upon air-liquid interface
differentiation, whereas genes indicative of neural develop-
ment, such as Pax-6, Pax-2, Pax-7, HoxB4, Nkx6.1, Olig-2,
MAP-2, Sox-1, and Mash-1, increased (supporting information
Fig. 1). Note the anterior, midbrain, and posterior identity of
Pax-6, Pax-2, and HoxB4, respectively, and that Pax-7 is in-
dicative of a dorsal identity. Mash-1 is a forebrain marker.
The mesodermal marker Meox-1 increased upon differentia-
tion probably accounted for by the observed regions of mes-
enchymal appearance. Olig2, which is indicative of oligoden-
drocyte lineage, increased also upon differentiation. However,
differentiation toward radial glia-like progenitors was also

Figure 2. ESC or gliomasphere-derived
neural progenitor cells develop into a com-
pact tissue upon culture on air-liquid inter-
face system. After 1 month of culture on a
semipermeable membrane, cell masses
were fixed, sectioned (10 lm), and colored
by hemalun/eosin. (A): Cell mass obtained
from MS5-induced rosette-enriched clus-
ters; the black arrow indicates the semi-
permeable membrane. (B): Immature
mesenchyme-like structures (black arrow).
(C): Dark pigmented zones. (D): Cell mass
derived from rosette-enriched cultures
obtained under chemically defined condi-
tions. (E): Cell mass derived from ESC
aggregates in chemically defined condi-
tions. (F): The majority of the tissue con-
sists of mature areas (strong cytoplasmic
staining, asterisk) and immature radially
organized structures (strong nuclear stain-
ing, black arrow). (G): Tissue section from
the cell mass obtained after direct plating
of gliomaspheres (1 month of culture). (H):

Cells described in (G) formed a compact
tissue.
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suggested by this increase of Olig2 expression. Expression of

the endodermal alpha foeto protein was found to be main-

tained. In contrast, the glial marker GFAP, the early mesoder-

mal brachyury, the myelin-binding protein expressed by mature

oligodendrocytes, and the endodermal Sox-17 were detected at

very low level. Together, these observations confirm the neural

identity but exclude organization according the positional iden-

tity along the dorsoventral or anteroposterior axis.

Expression of the Used Markers in Human
Fetal Brain

With the ultimate goal of comparing the in vitro-induced
tissue with the in vivo situation, the expression the neural
markers described above was investigated in human fetal
brain. Coronal sections at the level of the human periven-
tricular germinal layer at different developmental stages
(from 12 to 34 weeks; supporting information Fig. 2),
including the adjacent cortical layers, were immunostained.
VZ and subventricular zone (SVZ) were characterized by a
high density of immature cells with a strong nuclear and a
weak cytoplasmic staining (supporting information Fig.
2A–2D). Adjacent, there was the subplate (SP), including
migrating young neuroblasts, with a lower density of nuclei
and a more pronounced cytoplasmic staining (supporting
information Fig. 2A, 2B). Neurons in the cortical plate
(CP) could be localized at the 12- and 14-week stages
(supporting information Fig. 2A, 2B). Germinal layers
were clearly distinct from the other cortical layers at later

stages (supporting information Fig. 2C, 2D). Results for all
immunostainings at each stage are summarized in support-
ing information Table 1. As expected, cells of the germinal
layer expressed the proliferation marker PCNA (e.g., 12
weeks; Fig. 5A) and the neuroepithelial marker nestin
(e.g., 12 weeks; Fig. 5B). Note the radial organization of
nestin expression close to the ventricle, similar to that
observed in tubular structures. In fetal brain, the expression
of Musashi-1 was strictly restricted to germinal layers (Fig.
5C), as it was restricted to the germinal niches of ESC-
derived tissue. Sox-1, which was found in and outside ger-
minal niches, was predominantly detected in nuclei of cells
of the CP, even though some cells of the SP were also
positive (e.g., 12 weeks; Fig. 5D). Note that bIII-tubulin
was outside germinative layers, being expressed as
expected in SP and upper layers (e.g., 22 weeks; Fig. 5E).
Such distinction between germinal and maturing layers was
also observed in the induced tissue. Similarly, doublecortin
immunoreactivity [25] was restricted to the SP (e.g., 12
weeks; Fig. 5F), being absent in germinal (Fig. 5F) and
other layers (data not shown).

NPC are known to progressively generate astrocytes
upon brain development, as shown by GFAP expression
in late-stage fetal brain and adult SVZ [25–27]. In ac-
cordance with these previously described observations,
expression of the GFAP was delayed. Indeed, GFAP was
only weakly detected in germinative layers at week 14
(Fig. 6G), whereas late fetal stage (weeks 22, 34)
showed a strong increase of the protein expression in the

Figure 3. Tubular structures within engineered tissue harbor a neural progenitor cell phenotype. Tubular structures from a 2-month-cultured tis-
sue section (10 lm) were investigated for their phenotype. (A): Preferential expression of PCNA in tubes, rather than mature zones, confirms
their germinal identity. (B): Nestin-expressing cells were radially organized in the tube wall. (C–E): Musashi-1 (C), PAX-6 (D), and Sox-1 (E)

are expressed in cells of the tubes. (F): Cells of the tubes coexpressed Pax-6 and Sox-1. (G): Vimentin is radially arranged in cells of the tube.
(H): BLBP is expressed in tubes and mature zones. Abbreviations: BLBP, brain lipid-binding protein; DAPI, 4,6-diamidino-2-phenylindole;
GFAP, glial fibrillary acidic protein; PCNA, proliferating cell nuclear antigen.

514 Brain-Like Tissue from Embryonic Stem Cells



VZ (Fig. 5H). Similarly to GFAP, the expression of
vimentin was delayed in the VZ, being observed only at
week 34 (Fig. 5I). In comparison, the absence of GFAP
in germinal niches of the ESC-derived tissue suggests
structures corresponding to early developmental stages,
although the expression of vimentin does not correlate
with the in vivo situation. Together, these observations
reveal some phenotypic similarities between ESC-induced
neural tissue and early fetal brain, especially at the inter-

face between germinal and young migrating neuroblasts
layers.

Differences Between Differentiation on Air-Liquid
Interface Culture and Two-Dimensional Methods in
Cell Culture Dishes

In vitro neural differentiation of ESC has been performed in
numerous studies. We have compared in detail the air-liquid

Figure 4. Characterization of extratubular regions in engineered tissue. (A): A neuronal network is found around tubular structures. (B): Neu-
rons of the differentiated tissue around tubes are mainly young postmitotic neurons, since they express doublecortin and exclude PCNA staining.
(C): Electron microscopy of ESC-induced tissue shows typical intermingled neurites. (D): Astrocytic cells were found, with a delayed appear-
ance: glial fibrillary acidic protein-positive cells were not observed after 1 month of culture on the membrane (left) but were systematically
observed within the neuronal compact tissue as of the 2nd month (right). (E): Young oligodendrocytes expressing CNPase II in cytoplasm are
found within the mature tissue. (F): NeuN expression in cell bodies of the mature zones suggests the presence of late-stage neurons. (G): Synap-
tophysin expression in neuronal areas indicates the presence of mature neurons. (H): Most of neurons harbor a glutamatergic phenotype, as seen
by the expression of VGlut-1. (I): VAchT staining indicates significant numbers of cholinergic synapses. (J): Electron microscopy of structures
resembling synapses within the neuronal tissue. Vesicles in one side were observed (arrow), as well as increased density at the membrane level
(*). (K): Successive electrical stimulations (2 V, 200 microseconds) with 50- or 10-millisecond intervals induced the propagation of an electrical
signal that is typical of a group of neurons. Abbreviations: CNPase II, cyclic nucleotide phosphodiesterase II; DAPI, 4,6-diamidino-2-phenylin-
dole; NeuN, neuronal nuclei-specific protein; PCNA, proliferating cell nuclear antigen.
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interface method with previously published studies. Globally,
two kinds of methods were described: (a) neural differentia-
tion of adherent cells, and (b) neural differentiation in suspen-
sion [10, 13, 14, 28–32]. In the case of neural differentiation
in adherent conditions, cells grew and differentiated as mono-
or paucilayers on feeder cells or substrate-coated plastic,
inducing NPC that spontaneously organize into rosette and

nonrosette structures. The cells included in rosettes are neuro-

epithelial NPC with a high neurogenic potential [10]. On the

other hand, neural differentiation in suspension was shown to

be efficient to obtain NPC and neurons inside three-dimen-

sional clusters called ‘‘embryoid bodies,’’ ‘‘spheres,’’ or

‘‘aggregates’’ [9, 12, 13].
Expansion/differentiation of NPC on air-liquid interface

shared some characteristics with previously published meth-
ods (self-organization of NPC into rosettes, a neuroepithelial
phenotype, and mature neurons at the periphery of rosettes).
However, the air-liquid interface-based method had unique
properties that were not previously described.

(a) The number of rosettes for one air-liquid interface-derived
tissue (supporting information Fig. 3A) was found to be
significantly higher than that observed for one sphere in
suspension (supporting information Fig. 3B).

(b) Neural differentiation in suspension induced spheres that
were highly heterogeneous in term of size and neurogenic
potential. Indeed, some small spheres were found to
resemble air-liquid interface-induced tissue: rosettes of
neuroepithelial cells (nestinþ) included in a dense tissue
of mature neurons (bIII-tubulinþ) (supporting information
Fig. 3C). However, such structures were rare (<10%) and
mixed together with numerous other kinds of spheres,
including non-neural tubular structures that were negative
for nestin and few neurons (supporting information Fig.
3D), as well as spheres without any neural features
(nestin�, bIII-tubulin�) (supporting information Fig. 3E).
Moreover, astrocytes and the expression of synaptophysin
and doublecortin were not found within the small areas of
neurons. In contrast, air-liquid interface culture was a
more reproducible method, providing a tissue rich in NPC
rosettes within a mature neural tissue.

(c) The heterogeneity of cell cultures is also a major feature
of neural differentiation in adherent conditions. In addi-
tion to the absence of synchronization between cells start-
ing/stopping differentiation, multiple types of structures
resulted from spatial organization of cells. The following
structures coexisted in culture during neuronal differentia-
tion: rosette aggregates (supporting information Fig. 4A,
black arrow), a monolayer of flat cells with an NPC

Figure 5. Structural organization and distribution of neural cell markers in germinal layers/mature tissue of human fetal brain. Sections (10
lm) of human fetal brain at various developmental stages were analyzed by immunohistochemistry. Analysis was performed in fetal brain of 12
weeks (A, B, D, F, G), 14 weeks (C), 22 weeks (E, H, J), and 34 weeks (I). (A): Proliferating cell nuclear antigen-positive proliferating cells
were found essentially in germinal layers. (B): Radially organized elongated cells in the VZ and cells within the SP expressed nestin. (C): Musa-
shi-1 was expressed exclusively in VZ/SVZ. (D): Sox-1 was expressed mainly in cells of the CP, although it was also observed in some rare cells
of the SP. (E): The neuronal marker bIII-tubulin is excluded from germinal layers but expressed in SP and other nonproliferating layers. (F):
Doublecortin-expressing young migrating immature neurons are restricted to the SP. (G, H): Germinal layers of fetal brain at the 12-week-old
stage (G) did not include GFAP-positive cells, whereas they were observed in radially organized cells of the VZ at week 34 (H). (I): The fila-
ment-associated protein vimentin was radially expressed in cells of the VZ. Abbreviations: CP, cortical plate; DAPI, 4,6-diamidino-2-phenylin-
dole; GFAP, glial fibrillary acidic protein; SP, subplate; SVZ, subventricular zone; VZ, ventricular zone.
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phenotype (supporting information Fig. 4A, white arrow),
floating spheres that spontaneously reorganized (support-
ing information Fig. 4B), and neuronal scaffolds that
were mixed with flat cells and aggregates (supporting in-
formation 4C). Immunofluorescent staining confirmed that
neurons (bIII-tubulinþ) were detected predominantly as
dispersed cells that were intermingled with NPC
(nestinþ), apparently in a random fashion (Fig. 6A, 6B).
In contrast, the air-liquid conditions favor compartmental-
ization between the two subpopulations (Fig. 6C), provid-
ing a more organized structure with a clear distinction
between NPC niches and a dense neuronal network. Ta-
ble 1 summarizes the differences between air-liquid inter-

face and both adherent and nonadherent conditions, previ-
ously described, for in vitro neural differentiation.

Different ESC Lines Do Not Share the Same
Capacity to Generate a Neural Tissue UnderAir-Liq-
uid Interface Conditions

The following ESC lines were compared for their ability to
be differentiated using air-liquid interface system: H1, HS-
401, and H9. Each step of culture, as well as the phenotype
of structures within the tissue, was compared, and observa-
tions are summarized in Table 1. H9-derived spheres plated

Figure 6. Cell organization differs
between the air-liquid interface and two-
dimensional method, as does the source of
ESC/neural progenitor cells. (A, B): ESC
differentiation in the two-dimensional cell
culture system; monolayer of mature bIII-
tubulin-positive neurons dispersed among
nestin-expressing precursors (A); large
cluster of nestin-expressing precursors sur-
rounded by bIII-tubulin-positive neurons
(B). (C): Distinct expression of nestin ver-
sus bIII-tubulin in air-liquid interface cul-
ture. (D): Immunofluorescent staining of
PCNA and doublecortin of a section from a
H9-derived tissue. (E): Cell mass obtained
by culture of HS-401-derived sphere on a
polytetrafluoroethylene membrane. (F, G):

Immunostaining for nestin, bIII-tubulin (F),
and vimentin (G) of HS-401-derived tissue.
Abbreviations: DAPI, 4,6-diamidino-2-phe-
nylindole; GFAP, glial fibrillary acidic pro-
tein; PCNA, proliferating cell nuclear
antigen.
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on the membrane provided a tissue similar to that observed
for H1 in term of cell organization and phenotype (Table 1).
Figure 6D shows an example of a stained section from a H9-
derived tissue, where proliferating tubes (PCNAþ) were
distinct from a network of young migrating neuroblasts (dou-
blecortinþ). In contrast, HS-401 differed from H1 and H9.
HS-401-derived spheres were able to grow and merge on the
membrane, giving a tissue in three dimensions. However, the
number of rosettes observed within the cell was dramatically
low (Table 1). Cells within the tissue did not organize in
tubes and were immunoreactive for nestin and vimentin (Ta-
ble 1). No mature neurons expressing bIII-tubulin were
observed. Thus, in line with studies reporting similar differen-
ces [33–35], this new system confirms the idea that ESC lines
do not share identical capacity to generate neural cells.
Finally, ESC-derived NPC were compared with those derived
from adult glioma. Gliomaspheres differentiated on air-liquid
interface culture induced a dense tissue including nestin and
bIII-tubulin-positive cells (supporting information 5A). In this
case, nestin-positive NPC and bIII-tubulin-positive neurons
were mixed together without apparently organized structures.
Note that the low organization of gliomasphere-derived tissue
was confirmed using GFAP, vimentin, and PCNA staining
(data not shown).

DISCUSSION

Air-Liquid Interface Culture and Differentiation
Without Exogenous Factors

Air-liquid interface culture was originally developed for orga-
notypic culture of brain slices, and it has been shown to retain
many essential organizational features of the host tissue [21].
Here we demonstrate that the technique can be adapted to
perform three-dimensional expansion/differentiation of human
ESC-derived NPC. An important feature of the air-liquid
interface culture is the improved exchange between air and

tissue, allowing the development of a relatively thick three-
dimensional culture without hypoxic cell death. In contrast
with most of the previously described differentiation protocols
[11, 13–16], the three-dimensional simplified method using
ESC aggregates obtained in minimal conditions did not
require exogenously added differentiating factors. Indeed,
addition of fibroblast growth factor-2 or EGF did not induce
phenotypic changes, although a moderate increase of the size
of engineered tissue was observed. In addition, Noggin, a
polypeptide playing a key role in neural induction, had no
influence on the self-organization and phenotype of air-liquid
interface-induced tissue. Thus, we suggest that this method at
least favors spontaneous events driving the maintenance of
NPC with mature neural cells.

The coexistence of proliferating stem cell niches and dif-
ferentiated tissue is also remarkable in the sense that the pro-
liferating areas do not invade the mature tissue (longest obser-
vation period, 4 months; data not shown). This suggests
internal control, with stem cells remaining within tubes and
radially migrating cells losing their capacity to proliferate.

Expansion Versus Differentiation Using Air-Liquid
Interface Conditions

There is a difference between NPC expansion and neuronal/
glial differentiation. Previous reports demonstrated the expan-
sion of NPC, as well as their differentiation into neurons and
glia. However, although NPC, neurons, and glia always coex-
ist in culture, there are different culture conditions available
to favor expansion rather than differentiation (or the contrary).
Air-liquid interface culture of NPC in a minimal medium
favors neuronal/glial differentiation, associating in the same
culture permanent niches of highly neurogenic NPC and
highly mature neuronal tissue.

The Role of Oxygen

Oxygen changes appeared to have complex but poorly under-
stood effects on precursor cell fate. Most in vitro studies on
fetal precursors were performed in a nonphysiological oxygen
tension (20%). By comparison, lowered oxygen in the

Table 1. Comparison between air-liquid interface and conventional methods for the neural differentiation of ESC

Features

Conventional method (H1 cell line) Air-liquid interface

Adherent cultures Spheres (1 week) Spheres (2 weeks) H1 HS-401 H9

Cell organization in three dimensions þ/� þþþ þþþ þþþ þþ þþþ
Presence of rosettes þ þ þ þþþ þ/� þþþ
Heterogeneity þþþ þþþ þþþ þ � þ
Nestin þþ þþ þþ þþþ þþ þþþ
Pill-tubulin þ þ þ þþþ þ þþþ
Immunoreactivity
Pax-6 þþ þþ þþ þþ � þþ
Sox-1 þþ þþ þþ þþ � þþ
GFAP þ � � þ/� þ þ/�
PCNA þ þ þ þ þ þ
Doublecortin þ/� � � þ � þþ
Vimentin þ þ þ þ þ þþ
Synaptophysin þ/� þþþ � þþþ

Dense neuronal tissue � � þ þþþ � þþþ
Astrocytes within neuronal tissue � � � þ � þ
Segregation between niches and neuronal tissue þ � þ þþþ � þþþ
Presence of non-neural cells þ þþ þþ þ þþþ þþ
H1 ESC were either submitted to conventional neural differentiation in adherence or placed in suspension. Adherent neural cells were fixed
and analyzed by immunofluorescence, whereas 1-week versus 3-weeks spheres obtained in suspension were embedded in paraffin before
being immunostained. The immunoreactivity for several markers, as well as the features of neural differentiation, was compared. Several
ESC lines were also compared under air-liquid interface conditions.
Abbreviations: GFAP, glial fibrillary acidic protein; PCNA, proliferating cell nuclear antigen.
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physiological range (<5%) was shown to increase the expan-
sion of NPC [36, 37]. Conversely, lowered oxygen was
described to prevent neuronal differentiation of rat precursors
[33]. Air-liquid interface is a noncomparable system, where a
nanofilm of medium covers the tissue, favoring extensive gas
exchanges between tissue and air. NeuN and especially synap-
tophysin were predominantly expressed in cells near the air
side. It suggests that normoxia could favor the survival and/or
differentiation of mature neuronal cells.

Fetal Brain Versus ESC-Derived Brain-Like Tissue

As shown in Results, there are similarities between the fetal
brain and the tissues obtained in vitro. The in vitro-generated
tissue reproduces the spatial dynamics of neurogenesis: radially
organized, proliferating precursors in distinct germinal centers
and production of differentiating neuroblasts, which migrate
away from the luminal regions toward apical mature zones. As
observed in fetal brain, the mature regions form a real paren-
chyma with abundant intermingled neurites. Expression of syn-
aptophysin and markers of synaptic neurotransmitters demon-
strates that the differentiated neurons express the molecular
machinery that is required for synaptic transmission.

There are also interesting similarities between the tubular
areas shown in the obtained tissue and the developing ventric-
ular wall of the fetal brain. This is particularly true with
respect to the radial organization of the nestin- and vimentin-
containing filaments. The BLBP-, nestin-, and vimentin-con-
taining cells resemble radial glia in some respects. The time
frame of appearance of glial cells is another interesting fea-
ture. Indeed, in normal fetal brain, development of neurons
precedes gliogenesis [1]. Similarly, the appearance of GFAP-
positive astrocytes is observed earliest after 2 months of tissue
formation. Immature oligodendrocyte were observed already
after 1 month of tissue formation; however, myelinization was
still absent after 2 months. Given the relatively short time of
differentiation of the three-dimensional tissue, this is not sur-
prising, as myelinization occurs only after 22 weeks in fetal
brain (supporting information Table 1).

Among the differences between developing fetal brain and
the three-dimensional culture, the presence of some apoptosis
within the tubes was striking (data not shown). Such apoptotic
cells were not observed in the fetal brain (data not shown).
This apoptosis might be a peculiarity of our culture system,
which limits the expansion of the germinative centers. How-
ever, alternative explanations should be considered: microglia/
macrophages, which are absent in the engineered tissue but
present in the brain parenchyma as of the 4th month of devel-
opment, might rapidly remove the zone of apoptotic cells in
the fetal brain [38, 39].

Another element of fetal brain development that is not
reproduced in our system is the establishment of the anterior
to posterior and the dorsal to ventral axes. Although a set of
positional markers was found, it is likely that the positional
identity [40] is not respected by the process. As a logical con-

sequence, there was also no spatial specification of defined
neuronal subtypes groups.

The Differences Among ESC Lines

In line with other studies [34, 35, 41], this new system rein-
forces the idea that ESC lines do not share identical capacity
to generate neural cells. These differences cannot be
explained by chromosomal abnormalities since karyotypes
were normal for the three tested lines. We consider the fol-
lowing explanations:

(a) Different epigenetic modifications, possibly due to differ-
ent techniques of derivation and maintenance culture or
due to heterogeneity of cells from the inner cell mass
yielding embryonic stem cells with different properties;

(b) Genetic modifications (e.g., point mutations) that are not
accompanied by karyotype changes;

(c) The genetic heterogeneity of the human population com-
pared with the homogeneity of inbred mouse strains [34].

CONCLUSION

In conclusion, this study describes the engineering of three-
dimensional human nervous tissues from human embryonic
stem cells. The system relies on spontaneous differentiation
cues and appears to imitate, in space and time, some steps
involved in early fetal brain development. It provides a novel
and promising approach to study early events of human
neurogenesis.
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