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Specification of transplantable astroglial subtypes from
human pluripotent stem cells

Robert Krencik!-2, Jason P Weick?®, Yan Liu®$, Zhi-Jian Zhang? & Su-Chun Zhang'~>

Human pluripotent stem cells (hPSCs) have been differentiated efficiently to neuronal cell types. However, directed
differentiation of hPSCs to astrocytes and astroglial subtypes remains elusive. In this study, hPSCs were directed to nearly
uniform populations of immature astrocytes (>90% S100B* and GFAP*) in large quantities. The immature human astrocytes
exhibit similar gene expression patterns as primary astrocytes, display functional properties such as glutamate uptake and
promotion of synaptogenesis, and become mature astrocytes by forming connections with blood vessels after transplantation into
the mouse brain. Furthermore, hPSC-derived neuroepithelia, patterned to rostral-caudal and dorsal-ventral identities with the
same morphogens used for neuronal subtype specification, generate immature astrocytes that express distinct homeodomain
transcription factors and display phenotypic differences of different astroglial subtypes. These human astroglial progenitors

and immature astrocytes will be useful for studying astrocytes in brain development and function, understanding the roles of
astrocytes in disease processes and developing novel treatments for neurological disorders.

Astroglial cells are the most abundant cell type in the human brain and
spinal cord and are now understood to be as important as neurons for
brain function!?. During development, astroglial progenitors are speci-
fied after neurogenesis, although their identity is not well defined owing
to lack of reliable markers®*. Astroglial progenitors differentiate to
immature astrocytes, which are essential for the formation of functional
synapses>®. In the adult brain, mature astrocytes insulate synapses and
remove excess transmitters, such as glutamate, released during neural
excitation, thus preventing excitotoxicity’. Astrocytes are crucial for
maintaining a homeostatic environment for the healthy brain by sup-
porting neurovascular coupling at the blood-brain barrier, regulating
blood flow® and supplying energy metabolites throughout the brain®.
Abnormalities in astroglial cells are implicated in a number of human
pathologies, including astrocytomas, epilepsy'?, Alexander disease!! and
neurodegenerative diseases'!. Thus, understanding how to regulate the
generation, maintenance and functions of human astroglial cells will likely
benefit the treatment of a range of neurological injuries and diseases.
Astrocytes are heterogeneous in many respects, includ-
ing morphology, growth rates!4, gene expression profiles!>1°,
electrophysiological properties!”, gap junction coupling and cal-
cium wave propagation dynamics'®1°. However, how these various
astroglial phenotypes are gained is largely unknown. In the mouse
and chick spinal cord, homeodomain and helix-loop-helix (HLH)
transcription factors are expressed in progenitors of specific dor-
sal-ventral domains, and genetic alterations of these factors shift
the gene expression pattern of astrocytes generated from these
domains?0-22. This suggests that astroglial diversity may be deter-
mined through regional patterning (specification of regional iden-
tities) of progenitor cells. However, it remains unknown whether

astroglial subtypes may be generated by simply patterning neural
stem or progenitor cells, especially human stem cells.

In the present study, we describe a chemically defined differen-
tiation system for efficient generation of immature astrocytes from
hPSCs, including embryonic (hESCs) and induced pluripotent stem
cells (iPSCs). HPSCs were first differentiated to neuroepithelial cells
and specified to regional progenitors. They were then expanded as
free-floating clusters or ‘astrospheres’ in the presence of growth fac-
tors, with periodic dissociation into single cells to promote gliogen-
esis. Astroglial differentiation from human neural stem cells or fetal
tissues often requires serum, and the capacity to expand is limited.
In contrast, the present technology allows generation of a nearly
pure population of astroglial progenitors in a chemically defined
system, which can be expanded to large quantities. Furthermore, the
resultant cell population is free of immune cells such as microglia,
and regionally and functionally specialized astroglial subtypes can
be readily generated. We apply this approach to three different hPSC
lines and show that it yields progenitors that can expand in culture for
along time, producing an estimated 2.8 x 1012 immature astrocytes at
6 months from one hPSC cell. Notably, we find that regionally and
functionally distinct human astroglial subtypes are induced by pat-
terning neuroepithelial cells at an early stage, and that they maintain
their identities after transplantation into ectopic mouse brain regions,
providing a possible cellular source for regenerative medicine.

RESULTS

Differentiation to astroglia follows developmental principles
Astroglial cells appear after neurons during vertebrate develop-
ment. We hypothesized that hPSC-derived neural progenitors, after
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Figure 1 Differentiation of astroglia from hPSCs. (a) HPSCs were first
differentiated to early neuroepithelial cells (NE) in the absence of
exogenous growth factors for 10 d, followed by patterning with
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morphogens between days 10 and 21. The neural/astroglial progenitors were expanded in the presence of EGF and FGF2, during which progenitors were
differentiated for 7 d with CNTF every 30 d for characterization with cell type—specific markers. RA, retinoic acid. (b) At day 180, immature astrocytes
display a stellate morphology, express S100 in both the cytoplasm and nuclei, and express GFAP in a filamentous pattern throughout the cytoplasm.
Nuclei are indicated by Hoechst (Ho) staining. (c) Temporal course comparison of S1008 (120 d, P= 0.0055) and GFAP (120 d, P=0.001; 180 d,

P =0.0066) expression of retinoic acid— and FGF8-specified astroglia (from three separate passages of the H9 hESC line) among total cells. (d) hESC-
astroglia cells express Aldh1L1, but not NG2, in contrast to mouse primary astrocytes. (e) Western blotting analysis confirms the expression of GFAP
and GLT-1 in day 180 astroglia (RA and FGFS8, as in c). (f) Subsets of astroglia express A2B5, whereas the majority of immature astrocytes express
CD44 by 90 d. (g) NFIA is not expressed in early neuroepithelial cells at day 11, but it begins to be expressed in a small number of progenitors with
concomitant down-regulation of PAX6 at day 30 (arrows). By day 180, all cells express NFIA. (h) Incorporation of BrdU by retinoic acid— and FGF8-
specified astroglial progenitors at 60 d (n =6, P=0.0043) demonstrates differential proliferation of subtypes. By 180 d, BrdU uptake is not different
between groups, and is completely absent in cells after removal of growth factors and addition of CNTF. Scale bars, 50 uM. Data are represented as

mean +s.e.m. *, P< 0.05.

temporal expansion, become gliogenic and generate astroglia under
conditions that facilitate glial differentiation (Fig. 1a). HPSCs were
directed to neuroepithelial cells, followed by differentiation to neural
progenitors from days 10 to 21 in the presence of either the poster-
ior patterning molecule retinoic acid (0.5 pM), or the anterior pat-
terning morphogen fibroblast growth factor 8 (FGF8, 50 ng/ml)?>24
to examine whether early specification leads to divergent astroglial
subtypes (see below). Differentiation of day 30 retinoic acid-treated
progenitors from the H9 hESC line showed that a small population
of cells (7.7% %+ 1.5) were S1003" and hardly any cells (<0.1%) were
GFAP*, the two common astroglial markers. Most other cells were
shaped like columnar epithelial cells, indicative of progenitor identity,
whereas some exhibited neuronal phenotypes and were positive for
the neuron-specific marker BIII-tubulin (4.4% + 0.8), which decreased
over time. At increasing time periods, the number of S100B* cells con-
tinued to increase, and displayed the typical stellate morphology of
astroglia (Fig. 1b,c). Similarly, GFAP-expressing cells began to appear
after 8 weeks, and the percentages increased over time (Fig. 1b,c).
The GFAP* cells always co-labeled with S100f. A similar progres-
sion of astroglial marker expression was observed in cells that were
specified with FGF8, but considerably slower at certain time points
(Fig. 1c). AldhlL1, a recently identified marker for the astroglial
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lineage?®, but not NG2, a proteoglycan expressed by NG2 cells?®, was
also detected in GFAP* cells (Fig. 1d). Western blotting analysis of
day 180 immature astrocytes demonstrated the expression of GFAP
and the astrocyte-specific glutamate transporter GLT-1 (Fig. 1e). These
results further confirmed their astroglial identity. Leukemia inhibitory
factor (LIF) had a similar effect as ciliary neurotrophic factor (CNTF)
in increasing the proportion of GFAP™ cells after treatment of the
day 180 progenitors for 6 d (Supplementary Fig. 1a).

To identify progenitors during astroglial differentiation, we
examined putative glial progenitor markers, including A2B5, CD44
(ref. 27) and NFIA?8. A2B5 was expressed in a subset of S1003* cells
at days 30 and 90 (9.8% =+ 3.2 and 8.7% =+ 2.1, respectively), and the
percentage decreased as cells became GFAP*. CD44, however, was
not observed until day 60, and by day 90, 79.5 £ 1.9% of S100B* cells
expressed CD44 (Fig. 1f). NFIA, which was completely absent in PAX6™
neuroepithelial cells at day 11, began to be expressed by day 30 as cells
downregulated PAX6. Day 180 astroglial cells all expressed high levels
of NFIA (Fig. 1g). Thus, astroglial progenitors or immature astrocytes
can be identified by expression of NFIA-S100 at 4-8 weeks after hPSC
differentiation, and more mature astrocytes can be marked additionally
by CD44-GFAP after 8-12 weeks of differentiation. This expression
pattern is remarkably similar to that of in vivo human development?*-3°.
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Figure 2 Astroglial subtypes express region-specific proteins. (a) Differential treatment

with patterning molecules (retinoic acid, FGF8 or SHH) from days 10-21 generates
cells with distinct expression of homeodomain transcription factors, which is maintained

—SHH

as cells differentiate from neural progenitors (NP) to immature astrocytes. (b) At day 60,
FGF8- but not retinoic acid- specified S100B* astroglia express OTX2 in nuclei. (c) Retinoic

acid— but not FGF8- specified S100B* astroglia express HOXB4. GFAP* immature
astrocytes continue to express (b) OTX2 and (c) HOXB4 at day 180. (d) Quantification of

+SHH

regional marker expression of day 120 GFAP* immature astrocytes (FGF8-specified;

0TX2 =92.1% + 2.5, HOXB4 = 0. GFAP* retinoic acid-specified; OTX2 =

3.2% + 1.3,

HOXB4 = 97.6% + 2.1). (e) Quantification of day 30 ventralized astroglial progenitors (-SHH; NKX2.1 = 0. +SHH; NKX2.1 = 82.6% + 7.0).
(f) Day 60 S100p* astroglia differentiated from SHH-ventralized neural progenitors express NKX2.1. Scale bar, 50 uM.

Quantitative reverse transcription (QRT)-PCR analysis indicated that
the hPSC-derived day 210 astroglia expressed high levels of additional
astroglial genes, including NF1X, CHL1, GLAST, GLT1 and aquaporin 4
(Supplementary Fig. 1¢). Taken together, these results not only con-
firmed the astroglial identity but also suggested functional attributes
of the hPSC-derived astroglia.

The hPSC-derived astroglial progenitors were expanded continu-
ously for at least 8 months and survived freeze-thaw cycles. BrdU
pulse-labeling for 10 h in day-60 progenitors revealed a higher
percentage of cells undergoing DNA synthesis, a correlate of cellular
proliferation, in FGF8-specified progenitors (74.2% % 2.0, n = 6) com-
pared to retinoic acid-specified progenitors (50.6% * 6.1) (Fig. 1h).
At 6 months, the extent of BrdU labeling decreased, the two groups
exhibited a similar proliferation rate, and removal of growth factors
inhibited DNA synthesis (Fig. 1h). In the presence of EGF and FGF2,
the retinoic acid-specified astroglial progenitors maximally expanded
at a rate of 7.6 = 1.2 times every 6 d for 4-5 months when seeded at
24,000 cells/cm?. Although hESCs and iPSCs exhibit slightly different
efficiency in neuroepithelial cell generation?!, differentiation of neuro-
epithelial cells and expansion of astroglial progenitors from these
various hPSC lines (H9, H7, (IMR90)-4) were similarly efficient. If
one hPSC is differentiated to neuroepithelial cells, converted to glial
progenitors and then expanded in suspension, an estimated 2.8 x 1012
immature astrocytes can be generated in 6 months, taking into
account any cell loss during the procedure. Therefore, this method
allows generation of large quantities of astroglia.

Regionally specified neuroepithelia generate astroglial subtypes
Like neurons, astrocytes in different regions of the central nervous sys-
tem (CNS) exhibit different phenotypes. We hypothesized that region-
ally distinct astroglia may be specified from hPSCs in the same way as
for neuronal cell types through patterning of neuroepithelial cells and
subsequent differentiation (Fig. 2a). At day 30 of differentiation from
H9 hESCs, nearly all of the cells patterned with retinoic acid during
days 10-21 expressed the hindbrain/spinal cord-specific transcription

factor HOXB4 (98.6% * 0.7, n = 5) and very few expressed the mid-
forebrain marker OTX2 (3.1% % 0.8). The FGF8-treated cells, similar
to those not treated with FGF8 (ref. 32), expressed OTX2 (95.4% +
3.0) and none expressed HOXB4. This expression pattern of homeo-
domain transcription factors persisted as cells began to express
astroglial markers S100B and GFAP (Fig. 2b-d and Supplementary
Fig. 2a), but with a slight decrease of OTX2 in GFAP* astrocytes.
A similar expression pattern of homeodomain transcription factors
was observed in primary astrocytes isolated from the mouse embryonic
brain and spinal cord (Supplementary Fig. 2c), and in astrocytes
specified from iPSCs (Supplementary Fig. 3). qRT-PCR analysis
confirmed differential expression of additional homeodomain genes
and functional genes in the anterior and posterior immature astrocytes
(Supplementary Fig. 2b), signaling potential functional diversities.

To determine whether astroglia with a dorsal-ventral distinction
can also be specified, neuroepithelial cells were treated with or with-
out the ventralizing factor sonic hedgehog (SHH, 500 ng/ml). In the
absence of morphogens, hESC-derived neural progenitors exhibit a
dorsal telencephalic phenotype®3; none of the astroglial progenitors
expressed the ventral marker NKX2.1 (Fig. 2e,f). In contrast, the
majority of astroglial progenitors (day 30) differentiated from the
SHH-treated neuroepithelial cells were labeled for NKX2.1, though
NKX2.1 was noticeably decreased upon S100f expression (Fig. 2f).
Regional marker expression was confirmed in subsets of GFAP™ astro-
cytes in P1 mouse brain and spinal cord sections (Supplementary
Fig. 2d). Together, our results indicate that region-specific astroglia
can be specified from hPSCs in the same way as for region-specific
neuronal types. The same trend of astroglial differentiation and
regional patterning was observed with the H7 hESC line and the
(IMR90)-4 iPSC line (Supplementary Fig. 3a,b).

HPSC-derived immature astrocytes are functional

In contrast to neurons, astroglia are described as passive cells because
they cannot generate action potentials and their voltage-gated currents
decrease during maturation®**. Whole-cell patch clamp recordings of
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Figure 3 Functional characteristics of hPSC-derived immature astrocytes. (a) Immature astrocytes were analyzed by whole-cell patch clamping.

(i-iii) Voltage steps (clamped at =70 mV and stepped from =50 to +50 mV at 10 mV increments for 500 ms) induced outward currents in red
fluorescent-labeled 4-month astroglia, which significantly decreased in the presence of neurons for 2 weeks (n = 10 for both groups). Action potentials
could not be elicited (inset in i). (b) (i-ii) The inward current response by AMPA was blocked with CNQX and AP5, and the L-glutamate response was
partially reduced. (iii) L-Glutamate-induced inward current was reduced by glutamate transporter inhibitors DHK and SOS. (c) Kinetics of cellular uptake
of L-glutamate (starting at 50 pM) was measured in the absence or presence of PDC and Na* and normalized to ug of protein (n = 3 for each group).

(d) Immature astrocytes propagate calcium waves to adjacent cells upon mechanical stimulation. Calcium wave propagation was measured for anterior
and posterior immature astrocytes (20 s; retinoic acid = 59.2 um £ 3.2, FGF8 = 76.0 um £ 3.1, P=0.0196. 30 s; retinoic acid = 62.4 um + 3.8, FGF8 =
91.4 um + 7.8, P=0.0288, n= 3 (arrowheads) for all groups), both of which were inhibited by 2-APB (20 s p values; retinoic acid = 0.0144, FGF8 =
0.0104. 30 s p values; retinoic acid = 0.0147, FGF8 = 0.0197). (e) Co-culturing of hESC-derived neurons and immature astrocytes for 3 weeks results
in an increased presence of Synapsin 1+ puncta (Syn, n=3, P=0.0119). Scale bars, 50 um. Error bars, s.e.m. *, P < 0.05.

both retinoic acid-specified (n = 18) and FGF8-specified astroglia
(n = 10, expanded for 120 d from line H9 and treated with CNTF for
7 d) displayed a voltage-dependent initial rapid outward current that
was inactivated within 100 ms and a lower sustained current, and never
displayed action potentials in current clamp. This passive electrophysio-
logical property resembles that observed in immature primary mouse
astrocytes®*. To determine whether neuronal signaling promotes astro-
glial maturation, 120-d red fluorescent-labeled astroglia were cultured
either with or without hESC-derived neurons (day 28) for 2 weeks
(Fig. 3a). Co-cultured astroglia displayed a change in morphology and
a significantly decreased transient outward current (n = 10 with and
without neurons), suggesting maturation of astroglial cells in vitro.
One critical function of astrocytes is signaling and buffering of neuro-
transmitters released during neuronal excitation. To determine whether
hESC-derived immature astrocytes contain functional glutamate recep-
tors, we applied the glutamate receptor agonist AMPA or L-glutamate
(100 uM) in the absence or presence of CNQX and AP5 (20 uM).
An inward current was activated upon addition of AMPA, which
was completely blocked in the presence of CNQX and AP5 (retinoic
acid-specified, n = 5; FGF8-specified, n = 5) (Fig. 3b). In contrast, the
L-glutamate response was partially blocked. L-glutamate induced a large
inward current in all cells tested (retinoic acid-specified, n = 8; FGF8-
specified, n = 8). 100 uM of p,L-aspartate produced a similar inward
current (not shown). When the GLT-1-specific inhibitor dihydrokai-
nate (DHK, 100 uM) was applied to the same cells for 1 min before
L-glutamate administration, the inward current was substantially
smaller, suggesting that glutamate-induced inward currents depend on
the function of glutamate transporters. Addition of the general glutamate
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transporter blocker L-serine-O-sulfate (SOS, 100 uM) further decreased
the current (Fig. 3b). No significant differences in induced currents
were observed between the two subtypes of immature astrocytes owing
to the high variability of peak currents between cells. Furthermore,
hESC-derived immature anterior astrocytes were competent to take up
glutamate from media over time at a higher rate than that of HEK293
cells, but not in the presence of the glutamate transporter inhibitor
PDC or in sodium-free media (n = 3) (Fig. 3c). Together, these results
indicate that the hESC-differentiated immature astrocytes possessed
functional glutamate receptors and transporters.

Propagation of calcium waves across astrocytes, activated by
various stimuli, is important in glial and neuron-glial communica-
tion%, and calcium wave dynamics are different in regionally dis-
tinct astrocytes!®1%. Fluorescent intensity of Fluo-4 loaded hESC
(line H9)-derived 6-month immature astrocytes was observed
during mechanical stimulation of a small area <20 um. In all cells
tested, stimulation induced an intra- and intercellular calcium wave
in the vicinity, which traveled outward to adjacent cells (Fig. 3d and
Supplementary Movie 1). Wave propagation was found to be depend-
ent upon extracellular ATP signaling, because it was reduced by the
presence of apyrase, an ATP hydrolytic enzyme, but not of the gap
junction blocker carbenoxolone (Supplementary Fig. 4). The dis-
tance traveled by the calcium waves was different between retinoic
acid- and FGF8-specified astroglia (Fig. 3d). Application of the InsP3
receptor blocker 2-APB3® reduced the calcium wave distance for
both retinoic acid- and FGF8-astroglial groups (Fig. 3d). Astroglia
generated without FGF8 treatment, which also display anterior
characteristics (Supplementary Fig. 2b), propagated waves in similar
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Figure 4 HPSC-derived astroglia retain their a
identity /n vivo. (a) Illustration of intraventricular
transplantation of hESC-derived astroglia and

the resulting position of grafted cells. (b) One
hundred days after transplantation, both retinoic
acid-specified (n = 3) and FGF8-specified
(n=4) human cells (NNUC* = red) are present

in ventricular areas (outlined with dashed lines),
and express GFAP. Arrows indicate the human
cells magnified in the insets. (c) Grafted, retinoic
acid-specified human astrocytes (hNUC* = blue)
in the corpus callosum (outlined with dashed
lines) express HOXB4 (red, 65/65). In contrast,
all of the FGF8-specified hNUC*/GFAP* cells
express OTX2 (red, 52/52). (d) Illustration

of hippocampal transplantation. (e) Human
astrocytes (red) survive and express GFAP but not
BllI-tubulin (f) 6 weeks after transplantation to
the adult hippocampus (n = 4 for each group).

(g) Six months after transplantation of day 21
hESC-derived neural progenitors, human
astrocytes (white arrow; hNUC*/GFAP* shown in
upper inset) extend processes onto endogenous
blood vessels (outlined with dashes) with end feet
(yellow arrow; shown in the lower inset on a single
plane). (h) Mouse and human astrocytes exhibit
distinct phenotypes, including process length and
blood vessel association. Scale bars, 50 um.
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distances as that of the FGF8-specified astroglia (30 s; 106.5+ 2.3 um,
P =0.1369) and significantly different from that of retinoic acid-
specified astroglia (P < 0.001) (data not shown). Thus, similar to
astrocytes in vivo, hESC-derived immature astrocytes are competent
for network communication.

Another function of astrocytes, especially immature astrocytes,
is promotion of synaptogenesis>®3’7. To determine whether hPSC-
derived immature astrocytes possess the same function, we cultured
hESC-derived (day 21) neuronal progenitors alone, or in direct
contact with immature astrocytes. The density of synapsin 17 puncta
along the neurites was significantly (P = 0.0119) increased in neurons
after 3 weeks of direct co-culture on hESC-derived (anterior) imma-
ture astrocytes compared to those without (Fig. 3e), suggesting the
ability of hPSC-astrocytes to modulate synaptogenesis.

Regional and astroglial identity is retained in vivo

To determine whether hPSC-differentiated astroglia maintain their
identity in vivo, we transplanted dissociated immature astrocytes,
treated for 1 week with CNTF after 6 months of differentiation from
line HY, into the lateral ventricles of neonatal mice (Fig. 4a). Thirty
(n = 2 for retinoic acid group, n = 2 for FGF8 group) and 100 d
(n = 3 for retinoic acid group, n = 4 for FGF8 group) after transplanta-
tion, grafted human cells, identified by human nuclear protein (hNUC),
were observed as clusters adjacent to the lateral ventricles and as a
stream of migrating cells in the corpus callosum. In every brain sec-
tion examined, all of the transplanted hNUC* cells expressed a high
level of GFAP (Fig. 4b,c). Cells that entered the corpus callosum were
elongated in parallel with axons. Astroglial progenitor clusters (after
6 months without CNTF treatment, H9 line) transplanted directly into
the adult mouse hippocampus also survived after engraftment (2 weeks;
n = 4 for retinoic acid group and »n = 2 for FGF8 group; 6 weeks; n = 4
for both groups) and continued to express GFAP (Fig. 4d,e), but not the
neuronal marker BIII-tubulin®, even in the neurogenic dentate gyrus
(Fig. 4f). This result indicated that the hESC-derived astroglial progeni-
tors or immature astrocytes retained their identity in vivo.
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Immunostaining of the ventricle-transplanted cells for homeo-
domain transcription factors showed that all A(NUC* cells in clusters
and those migrating through the corpus callosum were positive for
HOXB4 (day 30 = 70/70, day 100 = 65/65), but not for OTX2, and
no hNUC-/GFAP* endogenous astrocytes in this region co-labeled
with HOXB4 for the retinoic acid-specified astroglial group (Fig. 4c).
In the brains transplanted with FGF8-specified immature astro-
cytes, all ANUCY cells were positive for OTX2 (day 100 = 52/52), but
not HOXB4, and endogenous OTX2" astrocytes could be observed
(Fig. 4c). Therefore, the regional specificity of astrocytes, which is
acquired during early in vitro differentiation, is retained and not
altered by the ectopic in vivo brain environment.

To determine whether in vitro-generated human astroglia can mature
and integrate into the mouse brain, we examined whether they were in
close apposition to blood vessels, a sign of contribution or signaling of
astrocytes to the blood-brain barrier3®. As blood-brain barrier forma-
tion requires coordinated development of blood vessels and astrocytes,
we transplanted hESC-derived neural progenitors (day 21) to the ven-
tricles of neonatal mouse brain and looked for direct connections of
human GFAP* fibers to vessels. Few GFAP* cells were generated from
grafted hESC-derived neuroepithelial cells within 3 months, as previ-
ously described*. However, 6 months after transplantation, a number
of GFAP*/hNUC cells projected elongated fibers to blood vessels, with
end feet directly contacting the vessels (Fig. 4g,h and Supplementary
Movie 2). In contrast, endogenous mouse astrocytes are smaller, and
the somas directly surround vessels. This distinction is similar to pheno-
mena observed in adult human and rodent tissues?’. These results
indicate that the hPSC-derived astroglia can mature and participate
in blood-brain barrier structure formation and that they exhibit some
unique features of human astrocytes even in the mouse brain.

DISCUSSION

We have developed a chemically defined system for efficiently direct-
ing hPSC-derived neural progenitors to a nearly uniform popula-
tion of astroglial progenitors and immature astrocytes through
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Figure 5 Hypothesis of astroglial subtype specification. The regional
identity (anterior-posterior, dorsal-ventral) of astrocytes is determined
when early neuroepithelial cells (NE, neural stem cells) are patterned to
regional progenitors by morphogens such as retinoic acid and SHH. The
regionalized progenitors first give rise to subclasses of neurons and then,
during gliogenesis, generate regional-specific astrocytes with functionally
distinct characteristics.

long-term expansion of dissociated progenitors in the presence
of FGF2 and EGF. The in vitro-produced human immature astro-
cytes possess functional hallmarks of primary astrocytes, including
responses to glutamate, propagation of calcium waves, promotion
of synaptogenesis and participation in blood-brain barrier forma-
tion. Notably, we provide evidence that regionally and functionally
diversified astroglial subtypes can be efficiently specified through
patterning of early neuroepithelial cells with the same set of mor-
phogens used for generating neuronal subtypes. Both astroglial
identity and regional characteristics are maintained after long-term
in vitro expansion and after transplantation into the mouse brain.
Such human immature astrocytes, which can be generated in large
quantities from an almost unlimited source of stem cells, should be
useful in basic research, drug discovery and regenerative biology.

The regional and functional heterogeneity of astroglia has been
well recognized‘“. However, it remains unclear whether this hetero-
geneity arises from intrinsic developmental programs or exclusively
from adaptation to environmental cues. We have shown here that the
regional identity of neuroepithelial cells, specified by a single morpho-
gen, is maintained during subsequent differentiation. Comparisons
of astroglial subtypes revealed differential onset of S100p and GFAP
expression, cellular proliferation, gene expression and calcium wave
propagation. Thus, the regional identity of astroglial cells is at least
partially determined during neuroepithelial patterning, as has been
previously postulated?>4243, and we propose that combinatorial mor-
phogen patterning of neuroepithelial cells may lead to the generation
of increasingly diversified astroglial subtypes (Fig. 5). This hypothesis
suggests that regionalized neural progenitors migrate to target brain
regions and then give rise to neurons before becoming astroglial cells,
which may explain why we do not observe clear differential migration
patterns of regionalized astroglia. Nevertheless, astroglial progenitors
and immature astrocytes tend to target the white matter.

Functional properties of astroglia, particularly those of regional
astroglia, are generally considered the outcome of responses to local
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brain environments*4. Given the minimal presence of neurons and
absence of immune cells in our culture system, our data suggest that
at least some functions, described here, are intrinsic when astroglia
are born. It should be pointed out that the astroglial cells in our cul-
ture system correspond to those at an early stage of the developing
human brain. In the developed brain, astrocytes may well acquire
additional mature functions, especially in response to local cues?’.
Furthermore, both the astroglial identity and regional characteristics
are maintained after long-term in vitro expansion of their progeni-
tors and after transplantation into the mouse brain environment. The
intimate connections of hPSC-derived astrocytes with blood vessels
suggest functional ability in vivo, though further work is needed to
determine whether these cells can affect brain signaling or behavior.

Astrocytes in the human nervous system appear more complex
than those in lower mammals*’. Our present findings indicate that
differentiation of human ESCs to a robust population of GFAP*
astroglia (which takes at least 12 weeks) is substantially slower than
that of mouse ESCs (which takes ~2 weeks), corresponding to astro-
glial development in the human brain. This prolonged development
explains why hPSC-derived astroglial cells in vitro exhibit character-
istics of immature rodent astrocytes in vivo, including the presence
of voltage-gated currents** and induction of neuronal maturation?”.
Nevertheless, the immature astrocytes appear to mature over time
when co-cultured with neurons or transplanted into the brain to par-
ticipate in blood-brain barrier formation. Our ability to derive and
expand an enriched population of astroglial progenitors, as well as
to differentiate them to immature astrocytes, will facilitate studies of
the role of human astrocytes in the normal and diseased brain and
of transplantation therapies for neurological diseases such as amyo-
trophic lateral sclerosis, as suggested previously with mouse primary
astrocytes*®. In addition, astroglial cells derived from patient-specific
iPSCs offer yet another approach for therapeutic discovery.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturebiotechnology/.

Note: Supplementary information is available on the Nature Biotechnology website.
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ONLINE METHODS

HPSC culture. HESCs (line H9, passages 20-30; H7, passages 35-40) and iPSCs
((IMR90)-4)*” were cultured as previously described®2. Briefly, cells were passaged
weekly by dispase (1 mg/ml, Gibco) treatment and by plating on a layer of irradiated
mouse embryonic fibroblasts. The hPSC medium consisted of DMEM/F12, 20%
Knockout serum replacement, 0.1 mM [-mercaptoethanol, 1 mM L-glutamine,
nonessential amino acids (Gibco) and 4 ng/ml FGF-2 (R&D Systems).

Differentiation of HPSCs. HPSCs were first differentiated to neuroepithelia
for 10 d, as detailed elsewhere®3. From days 10-21, cells were treated with
either 0.5 pM of retinoic acid (Sigma), 50 ng/ml of FGF8 (Peprotech), or
500 ng/ml of sonic hedgehog (SHH, R&D Systems). Neural progenitors in a
form of rosettes were blown off by a pipette at day 15 and expanded in a sus-
pension culture containing EGF (Sigma) and FGF2 (R&D Systems, 10 ng/ml)
starting from day 21. The neural progenitor spheres were disaggregated into
small clusters with a Pasteur pipette to reduce cell contact, thus promoting
gliogenesis instead of neurogenesis*®. For astroglial differentiation, progenitor
spheres were dissociated with accutase (Chemicon) to single cells, attached
with a laminin substrate in the presence of CNTF (10 ng/ml, R&D System),
LIF (10 ng/ml, Millipore), or FBS (FBS, 10%, Gibco). Cells were additionally
passaged to coverslips for immunocytochemistry.

Immunochemistry and western blot. For immunocytochemistry, fixed cells
were stained as previously described32. For quantification of each sample (n),
10 optic fields were chosen randomly under the fluorescent filter for nuclear
staining throughout the coverslips in areas which contained a similar density
of Hoechst* cells and the total cells were counted with Metamorph software.
The fluorescent filters were shifted during imaging to count the cells labeled by
different antibodies in the same field in the same manner. The quantitative data
were repeated twice or more in different cultures or those from different cell
lines. For western blotting, 30 ug of cell lysates were resolved with SDS-PAGE
and transferred to nitrocellulose membranes. Detection was performed with
horseradish peroxidase-conjugated secondary antibodies and the ECL system
(Thermo Scientific). Primary antibodies are listed in Supplementary Table 1.

Proliferation assay. Cells were attached on coverslips for 48 h and treated
with 0.2 UM 5-Bromo-2’-deoxyuridine (BrdU) for 10 h. Cells were fixed with
methanol for 10 min, followed by incubation with 2 N HCL for 20 min. Cells
were immunostained with the BrdU antibody as described above.

Quantitative reverse transcription polymerase chain reaction (QRT-PCR).
cDNA was prepared using Superscript III First-Strand Synthesis System
(Invitrogen). qRT-PCR was performed with Power SYBR Green PCR Master Mix
(Applied Biosciences) on a StepOnePlus System with standard parameters and
values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
n =3 for each. The primer sets used are listed in Supplementary Table 2.

Primary culture. Primary astrocyte cultures were prepared from E13.5 timed
pregnant CF-1 mice (Charles River). Brain regions were surgically dissected
based on anatomical markers, dissociated with trypsin (Invitrogen), and
cultured in DMEM + 10% FBS until experimentation. All experiments were
performed with cells during passages 2-5.

Electrophysiology. Whole-cell patch clamp recordings were performed and
analyzed as previously described®. During the procedure, cells were bathed in
a modified Hank’s Buffered Saline Solution (HBSS) that contained (in mM):
140 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 15 HEPES and 23 glucose (pH 7.4, 300
mOsm). The following chemicals were applied through a gravity-fed drug
barrel system: 4-aminopyridine (4-AP, ImM), L-glutamate (100 M), alpha-
amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) (100 uM),
(2R)-amino-5-phosphonopentanoate/6-cyano-7-nitroquinoxaline-2,3-dione
(AP5/CNQX) (20 uM), p,L-aspartate (100 uM), dihydrokainic acid (DHK,
100 uM), and L-serine-O-sulfate (SOS, 100 uM), all obtained from Sigma.
For co-culture experiments, immature astrocytes were infected with lentiviral
particles to express transgenic mCherry protein driven by the cytomegalovirus
promoter, and co-cultured without or with day 28 hESC-derived neurons in
neural media as previously described®.

doi:10.1038/nbt.1877

Glutamate clearance assay. The method for measuring the decrease of glutamate
over time> was modified. using the Glutamine/Glutamate Determination Kit
(Sigma). Anterior astroglia were differentiated for 7 months, plated at a concen-
tration of 20,000 cells per well in a 48-well plate, and cultured for an additional
7 din the presence of CNTE Before the assay, cultures were equilibrated in HBSS
buffer for 10 min. 50 pM L-glutamate solutions were prepared with either HBSS +
L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC, 1mM, Sigma) or Na* free HBSS
(modified by replacing equimolar KCL with NaCl) and incubated with the cells.
After various time periods, the glutamate concentration remaining in the media
was measured at 340 nm following the enzymatic reaction. HEK293 cells, which
do not significantly uptake glutamate compared to primary astrocytes, were used
as controls. After subtraction of the blanks (0 glutamate added), the decrease in
the media, or uptake of glutamate by cells, was reported as {M of glutamate per
ug of protein after being normalized to the total protein in each well. The protein
content was determined by a BCA protein assay (Pierce).

Calcium wave imaging. Astroglial cells were incubated at 25 °C with HBSS and
1 ul each of Fluor-4 (4 uM, Invitrogen) and Pluronic F-127 (0.01%, Invitrogen)
for 30 min. Cells were washed with HBSS and imaged with an immersion objec-
tive on a confocal microscope (described below). Calcium wave induction was
done by mechanical stimulation with a flame polished pulled glass pipette
controlled manually with a micromanipulator (WPI). Five random fields were
chosen under microscopy and averaged for each n. Fluorescent images were
taken every 2 s with or without 2-aminoethoxydiphenyl borate (2-APB, Tocris,
100 uM), carbenoxolone (Sigma, 100 uM) or apyrase (Sigma, 50 units/ml).
Calcium wave distances were quantified using Metamorph software. Post-fixa-
tion nuclear counting confirmed similar plating densities of astrocytes (retinoic
acid = 121.3 £7.2, FGF8 = 125.7 £ 26.7 per 428 um?, P = 0.88).

Astrocyte-neuronal co-cultures for synaptogenesis studies. Human ESC-
derived neural progenitors (day 21) were cultured in the neuronal differentia-
tion media alone or directly on a layer of hESC-derived immature astrocytes
(10,000 cells/cm?) for 3 weeks, similar as previously described®. The cultures
were then fixed with 4% paraformaldehyde and immunostained for BIII-tubulin
and synapsin 1. Neurons with elongated neurites were chosen by visualization of
BIII-tubulin under confocal microscopy. Fluorescent filters were then switched
for Synapsin 1 imaging, and the synapsin 1+ puncta along the BIII-tubulin+
neurites were counted with Image]J software. The results were expressed as the
number of puncta per unit neurite length.

Transplantation. Transplantation studies were conducted following proto-
cols approved by the Animal Care and Use Committees at the University of
Wisconsin-Madison. Cells were prepared for transplantation in artificial cerebral
spinal fluid (Harvard Apparatus) at a concentration of 50,000 cells/ul. For ventri-
cle transplants, 2 pl of the cell suspension was injected 1 mm from the midline
between the Bregma and Lambda and 1 mm deep into the anterior lateral ven-
tricles of both hemispheres of severe combined immunodeficiency (SCID)-beige
(Taconic) P1 mice. For transplantation into the adult SCID mouse hippocampus,
2wl of cells were injected with the sterotaxic coordinates of —2.46 mm for anterior-
posterior, + 2 mm for lateral, and —2.25 mm for dorsal-ventral. At various time
periods after transplantation, animals were anesthetized, perfused with 4% para-
formaldehyde, and processed for immunohistochemistry with antibodies listed
in Supplementary Table 2. Sections were imaged with a confocal microscope
(Nikon, D-Eclipse C1), and EZ-C1 software (version 3.5).

Statistical analysis. Results were expressed as mean * s.e.m. For quantifi-
cation, each dataset (n) was generated from a separate passage of hPSCs.
n =3 unless noted differently. Fields were randomly selected and P values were
calculated by unpaired ¢-test. *, P < 0.05.
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