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Abstract
Embryonic stem (ES) cells are pluripotent cells that can differentiate into all three main germ
layers: endoderm, mesoderm, and ectoderm. Although a number of methods have been developed
to differentiate ES cells into neuronal phenotypes such as sensory and motor neurons, the efficient
generation of GABAergic interneurons from ES cells still presents an ongoing challenge. Because
the main output of inhibitory GABAergic interneurons is the gamma-aminobutyric-acid (GABA),
a neurotransmitter whose controlled homeostasis is required for normal brain function, the
efficient generation in culture of functional interneurons may have future implications on the
treatment of neurological disorders such as epilepsy, autism, and schizophrenia. The goal of this
work was to examine the generation of GABAergic neurons from mouse ES cells by comparing an
embryoid body-based methodology versus a hydrogel-based encapsulation protocol that involves
the use of all-trans-retinoid acid (RA). We observed that 1) there was a 2-fold increase in neuronal
differentiation in encapsulated versus non-encapsulated cells and 2) there was an increase in the
specificity for interneuronal differentiation in encapsulated cells, as assessed by mRNA expression
and electrophysiology approaches. Furthermore, our results indicate that most of the neurons
obtained from encapsulated mouse ES cells are GABA-positive (~87%). Thus, these results
suggest that combining encapsulation of ES cells and RA treatment provide a more efficient and
scalable differentiation strategy for the generation in culture of functional GABAergic
interneurons. This technology may have implications for future cell replacement therapies and the
treatment of CNS disorders.
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Introduction
Embryonic stem (ES) cells have the potential to differentiate into all three cell lineages (i.e.,
endoderm, mesoderm, and ectoderm), providing a new perspective not only for embryonic
development but also for their application in cell replacement therapies (Murry et al., 2008;
Weitzer et al., 2006). ES cells are derived from the inner cell mass of blastocyte-stage (day
3.5) embryos (Williams et al., 1988) and have been experimentally differentiated into
various cell types including cardiac, skeletal, and neuronal cells (Choi et al., 2005). A
number of studies have shown that treatment of ES cells with RA enhances their efficiency
of neuronal differentiation (Bain et al., 1995; Fraichard et al., 1995; Strübing et al., 1995;
see Clagett-Dame et al., 2006 and Soprano et al., 2007 for recent reviews). However, the
generation in culture of GABAergic neurons is difficult and very challenging, and usually
requires the employment of expensive growth factors such as basic Fibroblast Growth
Factor (bFGF) and Epidermal Growth Factor (EGF) (Chatzi et al., 2009). Similarly, other
strategies involve complex cell manipulations such as the generation of neural progenitors
and subsequent withdrawal of mitogens (Westmoreland et al., 2001) or sequential RA
treatment followed by potassium chloride depolarization (Bosch et al., 2004).

GABAergic interneurons release gamma-aminobutyric-acid (GABA), which is the main
inhibitory neurotransmitter in the central nervous system (CNS). A number of neurological
conditions such as Huntington’s disease, epilepsy, chronic pain, anxiety and other mood
disorders are associated with a remarkable dysfunctional GABAergic inhibition and
neuronal hyperexcitability in the CNS (Benes and Berreta, 2001, Benes et al., 2007;
Brambilla et al., 2003, Cicchetti and Parent, 1996, Kumar and Buckmaster, 2006). Because
stem cell-based therapies that involve the transplantation of inhibitory interneurons are now
being developed to treat a spectrum of neurological conditions, the efficient generation of
GABAergic neurons in culture is germane to the success of these cell replacement strategies.

Most of the current ES to GABAergic differentiation strategies employ the generation of
embryoid bodies (EBs), which are cell aggregates comprised of all three germ layers.
However, these strategies possess inherent limitations that affect the efficiency of ES
differentiation due to 1) a wide variability in EB size (Gerami-Naini et al., 2004), 2)
aggregation among EBs in high concentration static cultures (Dang et al., 2004), and 3)
limited diffusion of inducing morphogens into the EBs (Carpenedo et al., 2010), among
others. A strategy currently employed to overcome this problem is the encapsulation of cells
in biologically compatible hydrogels. Hydrogels composed of materials such as agarose
(Bauwens et al., 2005), dextran (Doetschman et al., 1985), and gelatin (Akasha et al., 2008)
have been used for culturing ES cells. However, alginic acid or alginate, a polysaccharide
obtained from brown algae (Hwang et al., 2009; Maguire et al., 2006; Magyar et al., 2001),
remains the encapsulation material of choice because of its intrinsic properties (Orive et al.,
2003). Alginates are natural linear polysaccharides with 1, 4-linked β-D-mannuronate and α-
L-guluronate residues arranged as blocks of similar and alternating residues (Silva et al.,
2010). Alginate is an appealing material for the construction of “biohybrid organs” and
“micro-bioreactors” because its hydrated 3D network allows cells to adhere, spread, migrate
and interact with other cells (Zimmermann et al., 2001). The alginate technology has also
been applied to the generation of well-vascularized EBs (Gerecht-Nir et al., 2004; Magyar et
al., 2001). Similarly, other researchers have demonstrated that the alginate-based
encapsulation of ES cells can increase the efficiency of differentiation along various cell
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lineages (Bauwens et al., 2005; Hwang et al., 2009; Jing et al., 2010; Li et al., 2011;
Maguire et al., 2007; Wang et al., 2009). Thus, encapsulation of cells in hydrogels
represents an important method for improving current stem cell differentiation strategies.

In this work, we generated GABAergic neurons from mouse ES cells using an alginate-
based encapsulation protocol. We show that up to 87% GABAergic neurons are obtained
using this protocol without the need of growth factors. We also show that the differentiated
GABAergic neurons produce large outward K+ currents typical of mature neurons. Our
results shed a new light on the effect of cell environment during the neuronal differentiation
of mouse ES cells and may provide new therapeutic opportunities for the future treatment of
neurological diseases.

Materials and methods
ES cell culture

The cells used in this study were the EMC-ES-Hoxa1-1 (E1) and JI Wild type mouse ES
cell-lines. The generation and characterization of the E1 ES cell line from C57Bl/6 mice was
previously described (Martinez-Ceballos et al., 2005). J1 is a commonly-used ES cell line
obtained from the American Type Culture Collection (ATCC). The ES cells were
maintained in an undifferentiated state by culturing them in ES medium (Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10% ES qualified fetal bovine
serum (Atlanta Biologicals), 100 μM MEM nonessential Amino acids, 0.1 mM β-
mercaptoethanol, Penicillin and Streptomycin (Invitrogen), 1 mM sodium pyruvate, and 1 ×
103 U/ml leukemia inhibitory factor (LIF, Esgro, Millipore)). To avoid spontaneous
differentiation, the ES cells were passaged every two days for up to three passages before
induction of differentiation.

Generation of embryoid bodies
To determine the percentage of neurons obtained using a standard protocol that requires EB
formation, 3 × 106 cells were plated onto 100 mm non-adherent dishes in the absence of LIF
as previously described (Martinez-Ceballos and Gudas, 2008). The aggregates were cultured
in ES medium for 8 days and the medium was changed every two days. RA (5 μM, 5RA) or
vehicle-only (ethanol, 0RA) was added on days 4 and 6 of EB formation. On day 8, the EBs
were harvested, disaggregated with Accutase (Millipore), and cell viability was determined
by the trypan blue exclusion method using a Cellometer (Nexcellom, Inc.). In separate
experiments, day 8 EBs were either fixed for sectioning as previously described (Martinez-
Ceballos and Gudas, 2008) or disaggregated and fixed for immunofluorescence analyses.

ES cell encapsulation
Undifferentiated ES cells were suspended in a solution of sterile 1.1% (w/v) alginic acid and
0.1% (v/v) porcine gelatin at a final concentration of 2.5 × 104 cells/ml. Using an 18-gauge
(18G) needle, the cell suspension was dropped into a sterile alginate gelation solution (100
mM CaCl2, 10 mM HEPES, 0.01% (v/v) Tween 20) at pH 7.4 with stirring as described by
Hwang and coworkers (2009). The average volume of the cell suspension drops was 50 μl.
The hydrogels were allowed to solidify in the CaCl2 solution for 5 minutes and were washed
3 times with ES medium. The encapsulated ES cells were then cultured in ES medium
without LIF for 8 days. Medium was replenished every 2 days and RA (5 μM, 5RA) was
added at days 4 and 6. Control cells in hydrogels were treated with vehicle only (0RA). On
day 8, depolymerization buffer (50 mM tri-sodium citrate dihydrate, 77 mM sodium
chloride and 10 mM HEPES) was added to the hydrogels to harvest the cells for the
appropriate assays.
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Neuronal Differentiation
To induce neuronal differentiation, both day 8 encapsulated and non-encapsulated cells were
harvested and plated at a density of 1.5 × 105 cells per cm2 on tissue culture dishes pre-
coated with poly-D-lysine and laminin (PDL/laminin) as described by Bibel and coworkers
(2004). The cells were cultured in N2 medium (Neurobasal medium containing N2
supplement (Invitrogen)) to allow for the selection of neuronal lineages. The N2 medium
was changed 2 hrs after plating and then again after 24 hrs. The total culture time in N2
medium was 2 days (2N, Bibel et al., 2004) In order to promote neuronal maturation, the N2
medium was removed and cells were cultured for four days in maturation medium (B27-
supplemented Neurobasal medium) to induce neuronal maturation (4M stage). For the first
two days of this maturation step, 5 μM RA was also added to the cells. For the remaining
two days of this 4M stage, cells were cultured in the absence of RA. The cell fate of the
differentiated cells obtained at 4M was examined by immunofluorescence.

Immunofluorescence analyses
ES cells were fixed in 4% formalin for 15 min, followed by permeabilization for 20 min in
0.1% Triton X-100. Samples were blocked with goat or horse serum and incubated with the
appropriate primary antibodies for 1 hr. The primary antibodies used include rabbit anti-β-
tubulin III (Covance, Berkeley, CA), mouse anti-Nestin (Rat401, Developmental Studies
Hybridoma Bank, Iowa City, IA), guinea pig anti-GABA (Millipore), rabbit anti-GAD 65/67
(Millipore), goat anti-Parvalbumin (Santa Cruz Biotechnologies), and goat anti-Somatostatin
(Santa Cruz Biotechnologies). All primary antibody dilutions were 1:1000. Secondary
antibodies included goat anti-rabbit AlexaFluor 488, goat anti-rabbit AlexaFluor 594,
chicken anti-goat AlexaFluor 488, and goat anti-guinea pig AlexaFluor 488. Immunostained
cells were examined using a Nikon E400 fluorescence microscope equipped with a
Diagnostic Instruments RT-Spot Slider digital camera. To determine the percentage of
GABAergic neurons obtained from independent triplicate experiments, cells were harvested
by trypsinization at day 4M and the expression of various GABAergic markers was
examined by immunofluorescence. The total number of cells was determined by nuclear
visualization using 6-diamidino-2-phenylindole (DAPI). A similar procedure was employed
to determine the percentage of neurons expressing parvalbumin or somatostatin, except that
in this case the percentage of cells positive for either of these markers was determined based
on the total number of cells positive for β-tubulin III. Statistical significance was determined
by one-way ANOVA.

RT-PCR analyses
Semi-quantitative RT-PCR was employed to investigate the mRNA expression of various
neuronal and non-neuronal markers in RA-treated versus control encapsulated or non-
encapsulated cells. For this purpose, total RNA from day 8 samples was extracted using
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The concentration
of RNA was determined using a NanoDrop (Thermo Scientific). RT-PCR amplification
mixtures (20 μl) contained 10 ng of template cDNA. PCR reactions were performed using
the following primers: 36B4, forward 5′-AGAACAACCCAGCTCTGGAGAA-3′, reverse
5′-ACACCCTCCAGAAAGCGAGAGT-3′, 25 cycles, 58°C, (Martinez-Ceballos et al.,
2008); Rex-1, forward 5′-TGACAAAGGGGACGAAGCAAGAG-3′, reverse 5′-
GCCATCAAAAGGACACACAAAG-3′, 25 cycles, 58°C (Shi et al., 2006); Nanog,
forward 5′-GCGGACTGTGTGTTCTCTCAGGC-3′, reverse 5′-
TTCCAGATCCGTTCACCAGATAG-3′, 25 cycles, 58°C (Shi et al., 2006); GFAP,
forward 5′-ACAGAGGAGTGGTATCGGTCTA-3′, reverse 5′-
CTCCTCCAGCCGAGCAAGT-3′, 28 cycles, 58°C; GAD1, forward 5′-
CAGAACCAGAATCATCGGCCAT-3′, reverse 5′-
CTGTAGTTGCTTGCGAGATGGT-3′, 28 cycles, 58°C; TH, forward 5′-
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TGGGGAGCTGAAGGCTTACGGTGC-3′, reverse 5′-
ACAGCATGAAGGGCAGGAGGAATGC-3′, 30 cycles, 58°C; GLT1, forward 5′-
AGAGGCTGCCCGTTAAATACCG-3, reverse 5′-GTAATACACCATAGCTCTCGT-3′,
30 cycles, 52°C (NM_001077514.3). Amplified PCR products were analyzed on 2% agarose
gels, visualized by staining with ethidium bromide, and sequenced to verify their identity.
Reactions were performed at least two times from independent RNA samples.

Electrophysiology recordings
Cells were maintained in external solution of the following composition (in mM): NaCl 130,
KCl 3, CaCl2 2, MgCl2 0.6, NaHCO3 1, HEPES 10, glucose 5, pH 7.4 adjusted with NaOH.
The internal solution contained (in mM): KCl 140, CaCl2 0.1, EGTA 1, MgCl2 2, ATP 2,
HEPES 10, pH 7.2 adjusted with Tris. The osmolarity of the solutions were ~300 mOsm/L
adjusted with sucrose. Voltage-gated delayed rectifier K+ currents were recorded in the
tight-seal whole-cell configuration mode at 21-25°C. High-resolution current recordings
were acquired by a computer-based patch-clamp amplifier system (EPC-10, HEKA,
Lambrecht, Germany). Patch pipettes had resistances between 3-5 MΩ. Immediately
following establishment of the whole-cell configuration, voltage ramps of 50 ms duration
spanning the voltage range of −100 to +100 mV were delivered from a holding potential of
−80 mV at a rate of 0.5 Hz over a period of 60 s. Data were extracted and analyzed at +50
mV. To demonstrate the effect of depolarization on voltage-gated delayed rectifier K+

currents, the holding potential was changed to 0 mV. Data are shown as means + S.E.M. or
by representative traces, and were plotted using Igor Pro 5 software program (Wavemetrics,
Portland, OR, USA). Peak currents were analyzed using paired Student’s t-test. Statistical
significance was established at P<0.05.

Results
Encapsulation of mouse ES cells increases the efficiency of neuronal differentiation

Cell encapsulation has been employed for the directed differentiation of murine embryonic
stem cells into mature cells of all three lineages (Hwang at al., 2009; Jing et al., 2010; Li et
al., 2011; Maguire et. al., 2006, Maguire et al., 2007). To determine if ES cell encapsulation
can increase the efficiency of neuronal differentiation, we designed a differentiation protocol
that involves the treatment of encapsulated mouse ES cells with retinoic acid and compared
these results to those obtained using a traditional differentiation protocol that involves the
formation of embryoid bodies. Encapsulated cells (Enc) and EBs (non-encapsulated or NE)
were treated with vehicle only or RA on days 4 and 6. At day 8 of culture, cells were
harvested, trypsinized, and fixed for immunofluorescence to examine the expression of the
β-tubulin III neuronal marker. After imaging, the number of β-tubulin III-expressing cells
was determined from three different fields in triplicate experiments. As shown in figure 1A
for non-encapsulated cells, RA treatment increased the number of β-tubulin III-expressing
cells by about 7-fold as compared to control NE cells. In encapsulated E1 ES cells, RA
treatment resulted in a 3.5-fold increase in the number of β-tubulin III-expressing cells. The
highest percentage of neuronal cell generation was obtained from RA-treated encapsulated
cells (Enc, 5RA). As shown in figure 1A, there was a 2-fold increase in the efficiency of
neuronal differentiation in the presence of 5μM RA in encapsulated ES cells (~60%) as
compared to non-encapsulated cells (~30%). Interestingly, cell encapsulation increased the
neuronal differentiation of ES cells by about 3.5-fold in the absence of RA treatment, which
indicates that the hydrogels used in this study possess intrinsic properties that promote the
differentiation of mouse ES cells along a neuroectodermal lineage. These results indicate
that cell encapsulation, together with 5μM RA treatment, can be employed to increase the
efficiency of neuronal differentiation in mouse ES cells.
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Cell viability in encapsulated versus non-encapsulated ES cells
To determine if differences in cell viability account for the higher percentage of neuronal
differentiation observed in encapsulated versus non-encapsulated ES cells, day 8
encapsulated and non-encapsulated cell samples were harvested and disaggregated with
Accutase to determine the percentage of cell death using the trypan blue exclusion method.
Live cells were counted using a Cellometer. As shown in figure 1B, there was no difference
in the percentage of cell viability between control and RA-treated encapsulated cells (about
95-98%). Similarly, RA treatment did not affect the cell viability of NE cells (about 82%).
However, there was a clear reduction in cell viability in NE cells as compared to
encapsulated cells. Thus, encapsulation increased the viability of mouse ES cells in a
significant manner (p<0.05) as compared to the non-encapsulation conditions after 8 days of
culture and RA treatment. Taken together, the results shown in figure 1 suggest that an
increase in cell viability may be one of the factors that contribute to the higher efficiency of
neuronal differentiation observed in encapsulated versus non-encapsulated cells.

Encapsulation increases the number of neuronal precursors
Our findings that encapsulation of ES cells increased the percentage of immature neurons,
which express β-tubulin III, prompted us to investigate whether this effect was due to an
increase in the number of neuronal precursors or was the result of a more efficient
differentiation of neuronal precursors into immature neurons. For this purpose, we examined
the expression of Nestin, an intermediate filament protein expressed in neuronal progenitors
(Frederiksen and McKay, 1988; Lendahl et al., 1990), in day 8 encapsulated versus non-
encapsulated cells cultured in the presence of RA. As shown in figure 2, a higher percentage
of Nestin-positive cells was observed in encapsulated versus non-encapsulated cells (about
75% and 47%, respectively), which roughly corresponds to a 1.6-fold increase. Since this
increase is similar to that obtained after examining β-tubulin III expression (see Figure 1,
panel A), these results suggest that encapsulation enhances the efficiency of neuronal
differentiation mainly by increasing the number of neuronal precursor rather than promoting
the differentiation of precursors into immature neurons.

Expression of neuronal and glial markers in differentiated ES cells by RT-PCR
Since β-tubulin III expression does not discriminate among the different types of neurons
generated from ES cells, we next employed RT-PCR to determine the type of neurons
generated from encapsulated versus non-encapsulated cells at day 8 of culture. In addition,
we also examined the expression of the stem cell markers Nanog and Rex-1 in order to
compare the degree of ES cell differentiation between the two methodologies tested. While
expression of both Nanog and Rex-1 mRNA was detected in both encapsulated and non-
encapsulated control cells (no RA, Fig. 3, lanes 3 and 5), RA treatment resulted in a
reduction of the mRNA levels of these two stem cell markers, which confirms the inducive
effect that RA exerts on ES cell differentiation. In encapsulated cells, expression of the
GABAergic marker GAD1 was detected at low levels in control cells and at higher levels in
RA treated cells (compare lane 3 with 4). No expression of GFAP (astrocyte marker), TH
(Tyrosine Hydroxylase, dopaminergic marker), or GLT1 (astroglial and glutamatergic
marker) was detected in control or RA-treated encapsulated cells. In non-encapsulated cells,
expression of GLT1 mRNA was detected only in the presence of RA treatment (lane 6),
which indicates that RA supports the differentiation of non-encapsulated mouse ES cells
along a glutamatergic lineage. No mRNA expression of GFAP, TH, or GAD1 was detected
in non-encapsulated cells either in the presence or absence of RA treatment. Together, our
results suggest that encapsulation alone is capable of promoting the differentiation of ES
cells into GABAergic neurons even in the absence of RA treatment. In turn, RA may
function either as an enhancer or as a co-activator of GABAergic differentiation in
encapsulated cells.
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GABAergic neuronal differentiation of mouse ES cells
Our RT-PCR results suggest that, after eight days of differentiation, our protocol using cell
encapsulation plus RA treatment results in the generation of GABAergic neurons, but not of
astrocytes or dopaminergic neurons. To further confirm these results at a later time point of
this protocol, encapsulated E1 cells were transferred to PDL/laminin-coated plates and were
allowed to differentiate up to the 4M stage (i.e., after 4 days in maturation medium). Next,
we examined the expression of the GABAergic markers GABA and glutamic acid
decarboxylase (GAD 65/67) by immunofluorescence analyses (Fig. 4). As shown in
representative images from these experiments (Fig. 4A), and from the corresponding
statistical analyses shown in figure 4B, we observed that there was a 6.6-fold increase in the
percentage of GABA-expressing cells after RA treatment (86.5%), as compared to untreated
controls (13%). Similarly, RA treatment of encapsulated ES cells resulted in a 6.3-fold
increase in the percentage of GAD 65/67-expressing cells (77%) as compared to the
untreated controls (12.2%) (data not shown).

To verify that our results can be reproduced using another mouse ES cell line, we next
determined whether the widely employed J1 mouse ES cell line (ATCC) could also produce
GABAergic neurons after being subjected to our encapsulation protocol. As shown in
figures 4C and 4D, our differentiation methodology resulted in a 5.7-fold increase in the
number of GABA-expressing cells in the RA treated group (86%) as compared to the
control (15%). This amounts to a 5.7-fold increase in the number of GABA-expressing cells
due to the RA treatment of encapsulated J1 ES cells (Fig. 4D). Thus, these results indicate
that the differentiating capabilities of our E1 mouse ES cell line are similar to those of a
standard mouse ES cell line. Our results also indicate that our protocol involving mouse ES
cell encapsulation plus 5μM RA treatment results in the efficient generation of GABAergic
neurons without the employment of growth factors such as bFGF and EGF.

Expression of somatostatin and parvalbumin in 4M neurons
The neuropeptide somatostatin (SM) is a marker for cortical GABAergic interneurons
(Gonchar and Burkhalter, 1997; Kawaguchi and Kubota, 1997), while parvalbumin (PV) is a
Ca2+-binding protein that is expressed in fast-spiking cortical interneurons (Cauli et al.,
1997; Freund and Buzsaki, 1996; Kawaguchi and Kubota, 1997, 1998). Since SM and PV
are not co-expressed in the same subtype of GABAergic neurons, SM is useful in identifying
PV-independent neurons (Cauli et al., 1997; Gonchar and Burkhalter, 1997; Kawaguchi and
Kubota, 1997), and vice versa. Thus, to determine which GABAergic subpopulation is
generated using our encapsulation protocol, we performed immunofluorescence on 4M cells
using SM, PV, and β-tubulin III antibodies. As shown in figure 5, both neuronal subtypes
expressing SM (panel A) or PV (panel B) were detected after four days of culture in
maturation medium. In average, about 27% and 25% of the neurons obtained expressed SM
and PV, respectively (panel C). The co-expression of β-tubulin III with SM, or with PV,
demonstrated the neuronal identity of cells stained with these GABAergic markers. Taken
together, these results indicate that our differentiation protocol generates GABAergic
neurons of mixed subtypes.

Electrophysiological properties of differentiated GABAergic neurons
One important property of mature neurons is the expression of ion channels, in particular of
the voltage-gated delayed rectifier K+ channel, which is a hallmark of excitable cells. To
examine the electrophysiological properties of the differentiated GABAergic neurons, we
performed patch-clamp recordings on differentiated versus control (no RA treatment) cells
at the 4M stage of differentiation. We detected the presence of large outward currents in
differentiated cells but not in controls (Fig. 6A and C). The observed current-voltage
relationship (I/V) values were typical of voltage-gated delayed rectifier K+ channels (Fig.
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6B and D). Another characteristic of these channels is their voltage sensitivity, where
depolarization inhibits channel functioning. Therefore, we performed patch-clamp
recordings with the holding potential set at 0 mV. Under this condition, we clearly observed
suppression of K+ currents upon establishment of whole-cell configuration (Fig. 7A and B).
These results demonstrated that differentiated cells produced large outward K+ currents
typical of mature neurons (Chen et al., 2008; Falk et al., 2006; Nisenbaum and Wilson,
1995).

Discussion
Pluripotent stem cells hold great promise for basic research experiments and future
therapeutic applications due to their intrinsic ability to differentiate into all cell types. A
number of research groups have described various techniques to differentiate stem cells into
different lineages using growth factors or extracellular matrix proteins (Bain et al., 1995;
Kitazawa et al., 2005; Okabe et al., 1996; Tian and Kaufman, 2005; Ying et al., 2003).
Recent technologies involve the use of alginate-based encapsulation to generate specific cell
types from ES cells. For instance, Hwang and coworkers used mouse ES cells and alginate
encapsulation to generate bone tissue (Hwang et al., 2009). Similarly, other researchers have
demonstrated that alginate encapsulation can increase the efficiency of ES cell
differentiation into pancreatic insulin-producing cells (Wang et al., 2009). In the present
study, we first demonstrated that cell encapsulation in alginate hydrogels increased the
efficiency of neuronal differentiation in mouse ES cells. We observed that, even in the
absence of RA treatment, neuronal differentiation occurred at higher levels than in non-
encapsulated controls. Furthermore, encapsulation alone was shown to promote ES cell
differentiation, albeit at low levels, along a GABAergic neuronal subtype (see Figure 3, lane
3). Since ES cell differentiation is regulated by microenvironment stimuli such as cell-cell
contacts, cell-extracellular matrix interactions, and diffusion of cell cell-soluble factors
(Choi et al., 2010), the observed effect of encapsulation on neuronal differentiation could be
explained by 1) the presence of a hydrogel microenvironment that permits optimum cell-cell
contacts (Hwang et al., 2009; Li et al., 2011) or improved cell-cell communication via
paracrine signaling (Lin and Anseth, 2011), 2) a better diffusion of nutrients and/or
neuronal-inducing morphogenes from the culture medium into the growing encapsulated
cells (Elisseeff et al., 2002; Gerecht-Nir, 2004; Torres et al., 2000), and 3) the conjugation of
the hydrogels with gelatin, which contains collagen peptides (Bailey and Paul, 1998).
Collagens such as Collagen IV have been shown to promote neuronal and inhibit astroglial
differentiation in cortical neuronal progenitors (Ali et al., 1998).

It could be argued that the differences in initial cell seeding between encapsulation and EB
formation (2.5 × 105 cells/ml and 3 × 106 cells/ml, respectively) may be an additional factor
that influences the outcome between these two technologies. Although this is an important
concern, it is difficult to test since EBs failed to form when cells were seeded in non-
adherent dishes at a density of 2.5 × 105 cells/ml (see Supplemental Figure S1). However,
we observed that aggregates formed from encapsulated cells seeded at 2.5 × 105 cells/ml and
EBs seeded at 3 × 106 cells/ml possess similar average sizes after 8 days in culture (see
Supplemental Figure S1), which suggests that aggregates formed from encapsulated cells
grow at a higher rate than EBs. The higher growth rate of encapsulated aggregates may
result from a more permissive microenvironment that decreases cell turnover or death.

As shown here and elsewhere (Bain et al., 1995, Bibel et al., 2004; Martinez-Ceballos and
Gudas, 2008), high-dose RA treatment increased the percentage of β-tubulin III-expressing
cells as compared to untreated controls at day 8 of cell differentiation. Although the
complete RA signaling pathway responsible for this effect on neuronal differentiation is not
well understood, the recent employment of cDNA microarray technologies have identified a
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number of putative RA target genes that may play a role as mediators of the RA-induced
neuronal differentiation of ES and embryonal carcinoma cells (Freemantle et al., 2002,
Martinez-Ceballos and Gudas, 2005; for recent reviews see Clagett-Dame et al., 2006 and
Soprano et al., 2007). In addition to being a direct regulator of neuronal differentiation, RA
may also facilitate the neuronal differentiation of encapsulated and non-encapsulated cells
by repressing genes responsible for maintaining ES cell pluripotency such as Nanog and
Rex-1 (Fig. 3) or Wnt family members (Katoh, 2002; Elizalde et al., 2011), and/or by
repressing ES cell differentiation along the mesodermal or endodermal lineages (Bain et al.,
1996; Bibel et al., 2004, Martinez-Ceballos and Gudas, 2008).

We demonstrated by RT-PCR that the main type of neurons obtained at day 8 from
encapsulated cells correspond to the GABAergic type, as shown by the mRNA expression of
the GABAergic marker GAD1. The low expression levels of Rex-1 mRNA observed by RT-
PCR indicate that some undifferentiated cells may remain in RA treated encapsulated cells
by day 8 of differentiation. It would be of interest to determine whether these
undifferentiated cells occupy a specific ES cell niche or whether they are randomly
dispersed throughout the encapsulated aggregates. In contrast to what we observed in
encapsulated cells, the main neuronal types obtained at day 8 from RA-treated EBs were
GLT1-expressing glutamatergic cells. None of the neuronal markers assayed by RT-PCR
showed detectable mRNA expression levels in control EBs (no RA), which suggests that
control EBs are composed mainly of non-neuronal cells types plus an unknown number of
undifferentiated ES cells. Nevertheless, the results observed in non-encapsulated cells
confirm previous results obtained by Bibel and coworkers (2004) who demonstrated that, in
embryoid bodies, 5μM RA induce the differentiation of mouse ES cells preferentially into
glutamatergic neurons.

To further verify and extend our results obtained at day 8 of ES cell differentiation, we
cultured the day 8 encapsulated cells up to the 4M stage as described in Materials and
Methods. During the first two days of the 4M stage, we again treated the differentiated cells
with 5 μM RA. The purpose of this additional RA treatment was to induce any remaining
neuronal precursors to differentiate into GABA-expressing neurons and to aid in the
terminal maturation of all GABAergic neurons present in the cultures. Support for this
strategy comes from a number of reports indicating that high doses of RA promote the
formation of GABAergic neurons from undifferentiated ES cells (Chatzi et al., 2009; Shan
et al., 2011). Thus, we speculate that this additional RA treatment supports the enrichment
and further maturation of GABAergic neurons in the absence of growth factors such as
bFGF or EGF. The precise molecular mechanism of action of this second RA dose is
unknown and is currently being investigated in our lab.

To determine which type of GABAergic neurons is generated using our protocol, we
examined the expression by immunofluorescence of two chemical markers for specific
GABAergic interneurons: PV and SM. We found that both types of GABAergic neurons are
present at 4M, which indicates that our differentiation protocol generates GABAergic
neurons of mixed subtypes. It is possible that an additional step involving the treatment of
the differentiating cells with a factor such as BMP4 would lead to a more homogeneous
population of GABAergic interneurons expressing PV (Mukhopadhyay et al., 2009).

Finally, we confirmed the maturity and in vitro functionality of the differentiated cells at 4M
using the patch-clamp technique. Undifferentiated stem cells are considered non-excitable
cells because they lack the expression of a particular set of ion channels (e.g. voltage-gated
delayed rectifier K+ channels). These channels are critical for returning the depolarized cell
to their resting membrane potential during an action potential, which is normally present in
excitable cells such as GABAergic neurons. In our study, we showed that differentiated
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neurons developed currents typical of the voltage-gated delayed rectifier K+ channel and
that were voltage sensitive. In conclusion, we have demonstrated that GABAergic neurons
can be generated from encapsulated mouse ES cells after treatment with 5μM RA. Our
differentiation protocol is scalable and affordable because, unlike other ES-to-GABAergic
differentiation protocols, it does not require the use of expensive growth factors such as
bFGF and EGF. By using this methodology, more GABAergic neurons can be obtained than
by using traditional differentiation protocols. Thus, the future employment of our
differentiation methodology may result in useful applications for cell replacement therapies
and tissue engineering.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. We report a protocol for the differentiation of mouse ES cells into GABAergic
neurons.

2. The method employs hydrogel-based cell encapsulation but not expensive
growth factors.

3. The efficiency of differentiation was increased by two-fold versus a standard
protocol.

4. Up to 87% of the mature neurons generated are GABAergic.

5. The mature neurons generated with this protocol contain functional K+

channels.
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Figure 1. Cell encapsulation increases the efficiency of ES neuronal differentiation and improves
ES cell viability
A) Quantitative analysis of immunofluorescence experiments showing the percentage of
neuronal differentiation in encapsulated (Enc) versus non-encapsulated (NE) ES cells. Cells
treated with vehicle only (0RA) or 5μM RA (5RA) were examined at day 8 for the
expression of β-tubulin III by immunofluorescence. The percentage of cells expressing β-
tubulin III was calculated based on the total number of cells as determined by nuclear
staining with DAPI. Quantitative analyses from triplicate experiments demonstrated that
there was a 2-fold increase in β-tubulin expression in encapsulated versus non-encapsulated
cells after RA treatment. B) Cell viability was determined by the trypan blue exclusion
method. These results demonstrated that encapsulation significantly increased the viability
of mouse ES cells as compared to non-encapsulated cells. *p<0.05 by one-way ANOVA.
Means ± SEM are shown.
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Figure 2. Encapsulation enhances the generation of neuronal precursors in RA-treated cells
Encapsulated ES cells or EBs were treated with 5 μM RA and harvested at day 8.
Encapsulated aggregates and EBs were either sectioned or disaggregated for the
determination of Nestin expression by immunofluorescence. A) Representative sections of
encapsulated (ENC) or non-encapsulated (NE) cells showing Nestin expression. B)
Statistical analysis showing the percentage of Nestin-positive ENC or NE cells in
disaggregated samples. The total number of cells was determined by nuclear staining with
DAPI. These experiments demonstrated that encapsulation increased the percentage of
neuronal precursors by ~1.6-fold. Scale bar, 10 μm. *p<0.05.
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Figure 3. Characterization of day 8 encapsulated versus non-encapsulated ES cells by RT-PCR
The mRNA expression levels of various neuronal and non-neuronal markers was examined
by non-quantitative RT-PCR in day 8 Encapsulated (Enc) or Non-encapsulated (NE) cells
treated with vehicle-only (0RA) or 5 μM RA (5RA). Total RNA was reverse transcribed and
cDNA was used as template for PCR employing specific primer pairs for the following
markers: Rex1 and Nanog (stem cell markers), GFAP (differentiated astrocytes), TH
(dopaminergic neurons), GLT1 (astroglial and glutamatergic neurons), GAD1 (also called
GAD67; GABAergic neurons), and 36B4 (a ubiquitously-expressed gene used as a loading
control). -RT: no reverse transcriptase. B= Adult mouse brain tissue. ES = Embryonic stem
cells.

Addae et al. Page 17

Differentiation. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Neurons Generated from Encapsulated mouse ES Cells are GABA-positive
Neurons obtained at the 4M stage were fixed and the expression of GABAergic markers was
examined by immunofluorescence. A) Co-expression of the GABAergic markers GAD65/67
(GAD) and GABA in differentiated E1 ES cells treated with vehicle-only (0RA) or 5 μM
RA (5RA). Encapsulated E1 cells were harvested at day 8 followed by plating on PDL/
laminin-coated dishes. The expression of GAD and GABA was examined by
immunofluorescence at 4M. B) Quantitative analysis from independent triplicate
experiments showing the percentage of GABA-expressing cells based on the total number of
cells as determined by nuclear DAPI staining. C) GABAergic marker expression in
differentiated J1 cells at 4M. D) The percentage of GABA-expressing cells was determined
from triplicate experiments. The results obtained using E1 and J1 ES cells were similar.
**p<0.001 by one-way ANOVA. Means + SEM are shown.
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Figure 5. Neurochemical characterization of differentiated GABAergic neurons
Neurons obtained from mouse E1 ES cells were examined at 4M for the expression of A)
somatostatin (SM) and B) parvalbumin (PV) using immunofluorescence. Both SM- and PV-
expressing GABAergic subtypes were identified among the differentiated neurons. Co-
staining with β-tubulin III demonstrates the neuronal identity of cells expressing SM or PV.
C) The percentage of β-tubulin III-positive cells expressing SM or PV was determined from
triplicate experiments.
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Figure 6. Whole-cell patch-clamp recordings in differentiated embryonic stem cells
A) Average outward currents recorded from neuronal differentiated cells and
undifferentiated controls for 60 s. Currents were extracted at +50 mV from a voltage ramp
ranging from −100 mV to +100 mV and −80 mV holding potential (n=4 cells/group; mean
+SEM). B) The current-voltage relationship (I/V) is typical for voltage-gated delayed
rectifier K+ channels in the neuronal differentiated cell, but was absent in control
undifferentiated cells. C) Average peak currents from panel A at 60 s after establishment of
whole-cell configuration (*P<0.05). D) Data extracted at the respective voltage from the
differentiated neuronal cell in panel B.
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Figure 7. Effect of depolarization on Voltage-Gated Delayed Rectifier K+ currents
A) Current-voltage relationship (I/V) from a differentiated neuronal cell extracted at +50mV
after establishment of whole-cell configuration with a holding potential of 0mV. Note the
inhibitory effect of voltage on channel currents. B) Outward current from panel A showing
the rapid channel closure after establishment of whole-cell configuration.
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