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ABSTRACT

The potential for directed differentiation of human-induced
pluripotent stem (iPS) cells to functional postmitotic neuro-
nal phenotypes is unknown. Following methods shown to be
effective at generating motor neurons from human embry-
onic stem cells (hESCs), we found that once specified to a
neural lineage, human iPS cells could be differentiated to
form motor neurons with a similar efficiency as hESCs.
Human iPS-derived cells appeared to follow a normal devel-

opmental progression associated with motor neuron for-
mation and possessed prototypical electrophysiological
properties. This is the first demonstration that human iPS-
derived cells are able to generate electrically active motor
neurons. These findings demonstrate the feasibility of using
iPS-derived motor neuron progenitors and motor neurons
in regenerative medicine applications and in vitro modeling
of motor neuron diseases. STEM CELLS 2009;27:806-811

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Several groups have demonstrated the feasibility of reprog-
ramming various types of human somatic cells to an embry-
onic state upon the introduction of pluripotency factors that
yield induced pluripotent stem cells (iPS cells) [1-4]. The
excitement surrounding iPS technology is predicated upon the
potential to treat disease or injury with derivatives of patient-
specific stem cells. In the more immediate term, their value
may lie in the opportunity to model human diseases in vitro
for which the etiology is unknown. Motor neurons are lost in
many conditions, including spinal cord injury, amyotrophic lat-
eral sclerosis (ALS), and spinal muscular atrophy (SMA). A
major therapeutic goal is to develop the means to functionally
replace these cells and to model their states of disease in vitro.
Previous studies have outlined methods to derive functional

motor neurons from human embryonic stem cells (hESCs) [5—
7], and two recent studies applied similar methods to human
iPS cell lines derived from patients with ALS and SMA [8, 9].
Before human iPS cells are used for regenerative medicine or
to model motor neuron diseases, it is imperative to demonstrate
that these cells can generate electrically active motor neurons
with the characteristics of their natural counterparts.

Human iPS cells were capable of generating derivatives
representing the three embryonic germ layers both in vitro in
embryoid bodies (EBs) and in vivo teratoma assays ([1] and
supporting information Fig. S1). Here, we show that two estab-
lished methods to derive motor neurons from murine cells and
hESCs can also be used to produce functionally mature motor
neurons from human iPS cells [1]. First, an EB differentiation
protocol was used to enrich for motor neuron differentiation
[10, 11]. Second, an adherent approach was used to enable the
characterization of the differentiated cells for their gene
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Figure 1. Human embryonic stem cells and human iPS-derived cells can both generate neural progenitors. Both HSF1 and hiPS2-derived
embryoid bodies (EBs) were grown for 5-7 days in the presence of retinoic acid (I uM, Sigma) and the Shh pathway agonist purmorphamine
(1.5 uM, Calbiochem, San Diego, http://www.emdbiosciences.com) and generated EBs full of neural progenitors as judged by immunostaining
for Brn2, Sox3, and Pax6 (A-F). Similar results were obtained using a different Shh pathway agonist (HhAg1.3, 500 nM, Curis, data not shown).
Abbreviations: hiPS2, human-induced pluripotent stem cells; HSF1, human embryonic stem cell line.

expression and electrophysiology [6, 7]. For both approaches,
we directly compared the ability of different human iPS cell
lines and the well characterized hESC line HSF1 to generate
both motor neuron progenitors and differentiated motor neu-
rons. The results of this study should provide a platform for
future studies of human motor neuron diseases in vitro.

MATERIALS AND METHODS

Immunostaining

Antibody staining was performed on 4% parformaldehyde fixed,
cryosectioned EBs and cultured cells as previously described
[11]. Antibodies used include the following: goat anti-Brn2 (sc-
6029; Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://
www.scbt.com); goat anti-choline acetyl transferase (ChAT;
Millipore, Billerica, MA, http://www.millipore.com); rabbit anti-
Hoxa3 and guinea pig anti-Hoxa5 (generously provided by J.
Dasen and T. Jessell) [13]); goat anti-Hoxc6 (SC-46135; Santa
Cruz Biotechnology); mouse anti-Hoxc8 clone C952-7E (MMS-
266R; Covance, Princeton, NJ, http://www.covance.com); goat
anti-Isll  (AF1837; R&D Systems Inc., Minneapolis, http://
www.rndsystems.com); mouse anti-Isll clone 39.4D5 (Develop-
mental Studies Hybridoma Bank, Iowa City, 1A, http://www.uio-
wa.edu/dshbwww); mouse anti-Lim3 clone 4E12 (Developmental
Studies Hybridoma Bank); mouse anti-Nkx6.1 clone FS5A10 (De-
velopmental Studies Hybridoma Bank); rabbit anti-Nkx6.1 (gener-
ously provided by S. Morton and T. Jessell) [14]; guinea pig anti-
Olig2 [11]; mouse anti-Pax6 (Developmental Studies Hybridoma
Bank); mouse anti-Pax7 (Developmental Studies Hybridoma
Bank); mouse anti-Nestin (Neuromics); rabbit anti-Sox1, anti-Sox2,
and anti-Sox3 (all generously provided by T. Edlund and J. Muhr)
[15]; and rabbit anti-f-IIT tubulin (MRB-435P, Covance). The
monoclonal antibodies obtained from the Developmental Studies
Hybridoma Bank were developed under the auspices of the
NICHD and maintained by The University of lowa, Department of
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Biological Sciences, lowa City, IA. Alexa488-, FITC-, Cy3-, and
Cy5-conjugated secondary antibodies were obtained from either
Invitrogen (Carlsbad, CA, http://www.invitrogen.com) or Jackson
Immunoresearch Laboratories (West Grove, PA, http://www .jackso-
nimmuno.com). Fluorescence and DIC images were collected using
a Zeiss Axioobserver microscope equipped with the Apotome opti-
cal imaging system, or a Zeiss LSMS Exciter confocal imaging
system. Images were processed using the Zeiss Axiovision and
LSM Exciter software suites (Carl Zeiss, Oberkochen, Germany,
http://www.zeiss.com), and Adobe Photoshop CS2 (Adobe Sys-
tems, San Jose, CA, http://www.adobe.com).

Electrophysiology

Electrophysiology was performed at 20-23°C using standard
whole-cell, current-clamp techniques. Patch pipettes [3-5 uM]
were filled with the following: 140 mM potassium gluconate, 10
mM Na HEPES, 1 mM EGTA, 4 mM ATP-Mg, 0.3 mM GTP,
pH 7.2 [adjusted with KOH]. Cells were bathed in 120 mM
NaCl, 1.2 mM KH,PO,4, 1.9 mM KCI, 26 mM NaHCO3;, 2.2 mM
CaCl,, 1.4 mM MgSO,4, 10 mM bp-Glucose, 7.5 mM Na HEPES
[pH with NaOH to 7.2] equilibrated with 95% O, and 5% CO,
and resting potentials were maintained at about —70mV. Graded
current injections used durations of 0.5 milliseconds (in steps of
100 pA) or 250 milliseconds (in steps of 20 pA). Signals were
sampled at 10 kHz using a Digidata 1322A analog to digital con-
verter and acquired and stored on a computer hard drive using
pClamp six software. Data were analyzed offline using pClamp
six (Clampfit; Molecular Devices, Sunnyvale, CA, http://
www.moleculardevices.com/home).

RESULTS

To demonstrate whether human iPS are able to differentiate
down neural lineages to form motor neurons, we generated
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Figure 2. The directed differentiation of human embryonic stem cell and human iPS-derived cells recapitulates the stereotypical progression
associated with motor neuron formation. After 8-10 days in the presence of retinoic acid, Shh pathway agonists and neurotrophic factors, both
HSF1 and human iPS-derived embryoid bodies (EBs) contained Sox3", Nkx6.1", and Olig2" motor neuron progenitors (A, B, D, E). Both HSF1
and human iPS cells were further able to produce differentiated Isletl and PIII-tubulin-positive motor neurons within these EBs (C, F). Scale bar =
100 um (A-F). Abbreviations: hiPS2, human-induced pluripotent stem cells; HSF1, human embryonic stem cells.

EBs from human iPS cells (hiPS2) and hESCs (HSF1), as pre-
viously described [1]. The EBs were cultured for 1 week in
hESC media lacking FGF2 and then treated for an additional
week with retinoic acid (RA; 1 uM) and a Sonic Hedgehog
pathway agonist (purmorphamine, 1.5 uM) [16]. This method
is known to both neuralize and ventralize EBs, as defined by
the expression of ventral neural progenitor markers [11]. Both
HSF1 and human iPS cells followed a standard course of de-
velopment, serially differentiating from pluripotent cells to
neural progenitors to fully differentiated motor neurons. As
the EB protocol initiates specification in a somewhat stochas-
tic manner, only a proportion of EBs from either HSF1 or iPS
cells were specified to be neural, as demonstrated by immuno-
staining for the neural progenitor markers Brn2, Sox3, and
Pax6 (Fig. 1A—1F and supporting information Fig. S2).

We did observe marked differences in the efficiencies by
which HSF1 and hiPS cells underwent specification down the
neural lineage (supporting information Fig. S2). Given the
well-described variation of differentiation potentials among
pluripotent stem cell lines [17], it is unclear whether this find-
ing reflects an inherent difference between embryonic and
induced pluripotent stem cells. However, within those EBs
that were specified as neural, the percentage of cells express-
ing neural progenitor markers Brn2, Sox3, and Pax6 was sim-
ilar whether the EBs were derived from HSF1 or human iPS
cells (Fig. 1A—1F and data not shown). These findings suggest
that both HSF1 and human iPS cells can be directed to form
comparable neural progenitors.

After another week in the presence of RA and Shh path-
way agonists, along with neurotrophic factors known to pro-
mote motor neuron survival [ciliary neurotrophic factor
(CNTF) 20 ng/ml, brain-derived neurotrophic factor (BDNF)
and glial-derived neurotrophic factor (GDNF), 10 ng/ml
each], the EBs were fixed, cryosectioned, and immunostained
for Sox3 and the motor neuron progenitor markers Nkx6.1

and Olig2. In the EBs that expressed markers of neural pro-
genitors, the extent of labeling with Nkx6.1 and Olig2 anti-
bodies was similar between HSF1 and human iPS-derived
cells (Fig. 2B, 2E), and the percentage of Sox3" cells that
expressed Olig2 was comparable (59.1% + 7.07% for HSF1
and 57.6% + 9.88% for human iPS-derived cells). Further
analysis was conducted with a combination of markers known
to be specific to differentiated motor neurons. Within EBs
that were specified towards a neural fate and expressed
markers of motor neuron progenitors (Nkx6.1 and Olig2), a
small but significant number of Isletl and SIII-tubulin double-
positive neurons were observed (Fig. 2C, 2F). The physical
limitations of the EB differentiation method precluded
detailed functional analysis of these cells, but these results to-
gether provide evidence that both HSF1 and human iPS cells
can be induced to generate differentiated motor neurons.

To enable a physiological characterization of these iPS-
derived motor neurons, we used another method of directed dif-
ferentiation using previously described adherent conditions [6,
7]. Neural rosettes generated from HSF1 and human iPS1, iPS2,
and iPS18 cells were mechanically isolated and then replated
onto laminin-coated dishes in medium containing RA (1 uM)
and Shh (200 ng/ml). After a week, neurotrophic factors were
added (BDNF, CNTF, and GDNF; 10 ng/ml each), the Shh con-
centration was lowered (50 ng/ml), and the cells were allowed to
differentiate for 3-5 weeks. Both HSF1 and human iPS-derived
cells followed the expected course of differentiation, from Nes-
tin-positive neuronal progenitors (Fig. 3B, 3F) to mature motor
neurons (pIlI-tubulin, ChAT, and Isletl-positive; Fig. 3C-3H).
In both HSF1 and human iPS derived STI-tubulin-positive cells,
a similar percentage of Isletl-positive cells was detected (28.2%
+ 5.7% for HSF1, 33.6% =+ 12% for human iPS2) (Fig. 3C,
3G), suggesting again that once specified to a neuronal fate,
human iPS-derived cells and HSF1-derived cells are equally effi-
cient at generating motor neurons in these conditions.

Stem CrLLs
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Figure 3. Neurons derived from human iPS cells and human embryonic stem cells express several motor neuron markers. Neural rosettes
formed after 8-10 days in adherent culture (A, E). After mechanical dissection of rosettes from both HSF1 and hiPS2, Nestin-positive neural pro-
genitors remain while differentiated neurons expressing fSllI-tubulin are formed (B, F). Confocal imaging demonstrates the generation of cells
double stained for definitive markers of motor neurons including SII-tubulin and Isletl (C, G) or SllI-tubulin and ChAT (D, H). Late-stage dif-
ferentiated neurons from were transiently transfected with a reporter indicative of Hb9 expression (Hb9:: green fluorescent protein [GFP]; I-N).
Staining with an antibody recognizing ChAT demonstrates the specificity of the reporter for mature motor neurons (I, K, M). Costaining with
antibody against HoxaS demonstrates a rostral cervical character of both HSF1 and hiPS-derived motor neurons (J, L, N). Insets in panels (I-N)
show the single channel stains for either ChAT or Hoxa5 in the Hb9::GFP-positive cells indicated by the arrows. Scale bars = 200 um (A, E);
70 um (B, C, F, G); 50 um (D, H); 50 um (I-N). Abbreviations: ChAT, choline acetyl transferase; hiPS2, human-induced pluripotent stem cells;

HSF1, human embryonic stem cells.

To further demonstrate that this differentiation protocol
generates spinal cord neurons, cells from both HSF1 and
human iPS cells were also stained with markers of various
regions of the spinal cord and a reporter specific for activity
of Hb9 (MnxI or HIxb9), which encodes for a transcription
factor specifically expressed by mature motor neurons [6].
This Hb9-driven green fluorescent protein (GFP) reporter was
transfected into HSF1 and human iPS derived cells to enable
the identification and targeting of motor neurons in which
Hb9 was transcriptionally active [6]. Activity of this reporter
tightly correlated with markers characteristic of rostral cervi-

www.StemCells.com

cal motor neurons such as Hoxa5 and ChAT in both HSF1
and hiPS-derived cells (Fig. 3) [11, 12].

Finally, to establish the phenotypic maturation of the
human iPS-derived neurons, we studied their electrophysio-
logical properties. It is well established that the firing of re-
petitive action potentials in response to current injection is
typical of the behavior of adult vertebrate motor neurons [10]
and that this repetitive firing develops as function of their
maturation [18]. The excitability of HSF1 and human iPS-
derived motor neurons was assayed by whole cell patch
clamping in the current clamp mode. Action potentials were
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Figure 4. Neurons derived from human iPS cells and human embryonic stem cells (hESCs) display mature motor neuron characteristics. Whole
cell patch clamp recordings from Hb9:: green fluorescent protein (GFP) expressing hESC and human iPS-derived neurons show repetitive firing after
stimulation (A, E). Results shown are representative of recordings made from at least 20 cells derived from both hESCs and human iPS cells. Imag-
ing of cells fixed after electrophysiological recordings show that these cells expressing the Hb9::GFP reporter also contained ChAT (B-D and F-H).
Abbreviations: HSF1, human embryonic stem cells; hiPS2, human-induced pluripotent stem cells; ChAT, choline acetyl transferase.

recorded 48-62 days after plating. Upon application of current
to either hESC or human iPS-derived neurons with Hb9::GFP
activity, roughly half responded with single action potentials,
whereas the other half responded with repetitive action poten-
tials (Fig. 4A, 4E). After recordings were made, the neurons
were fixed and analyzed for Hb9::GFP expression and ChAT
staining to confirm that those cells that generated a typical
motor neuron response to electrical stimulation also possessed
cholinergic properties (Fig. 4B—4H). Identical results were
achieved with motor neurons derived from three independent
human iPS cell lines and were indistinguishable from motor
neurons derived from HSF1 (supporting information Fig. S3).
Together, these results demonstrate the general feasibility of the
generating electrophysiologically active motor neurons from
human iPS cells.

Discussion

A primary objective of hESC and human iPS cell technology
is to be able to generate relevant cell types to enable the
repair of tissue damage and in vitro modeling of human dis-
ease processes. Here, we demonstrate the successful generation
of electrically active motor neurons from multiple human iPS
cell lines and provide evidence that these neurons are molecu-
larly and physiologically indistinguishable from motor neurons
derived from hESCs. The generation of motor neurons from
human iPS cells isolated from patients harboring ALS and
SMA mutations has recently been described, even though the
electrophysiological activity of these motor neurons was not
assessed [8, 9]. Demonstrating that human iPS cells can adopt
this key hallmark of functional maturation is essential for any
future application of human iPS cells in the study or treatment
of motor neuron diseases. To our knowledge, our results pres-
ent the first demonstration of the electrical activity of human
iPS-derived neurons and further suggest the feasibility of using
these cells to explore how changes in motor neuron activity
contributes to the degeneration of these cells underlying that
underlies motor neuron disorders [19, 20].

It remains unclear why the potential for the human iPS
cell lines described here to appeared to undergo neural speci-

fication with a lower efficiency than HSF1 in these experi-
ments. Marked variability in neuralization competence has
been described among different lines of hESCs [21], and thus
it seems likely that such differences may be noted also in
human iPS cells. More importantly, the data presented here
demonstrate that, of the cells that were specified to become
neural, human iPS-derived neural progenitors proved as com-
petent at generating motor neurons as their HSFI-derived
counterparts. These findings support the possibility that
reprogrammed somatic cells might prove to be a viable alter-
native to embryo-derived cells in regenerative medicine.
Finally, as the human iPS cells appeared to obey a normal de-
velopmental progression to mature, electrically active neurons,
it seems possible that disease-specific somatic cells may be
reprogrammed and used to model and ultimately to treat a
variety of human neurological disorders.
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