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ABSTRACT

Directing embryonic stem (ES) cells to differentiate into
functional motoneurons has proven to be a strong technique
for studying neuronal development as well as being a poten-
tial source of tissue for cell replacement therapies involving
spinal cord disorders. Unfortunately, one of the mitogenic
factors (i.e., sonic hedgehog agonist) used for directed dif-
ferentiation is not readily available, and thus this technique
has not been widely accessible. Here, we present a novel and
simple method to derive motoneurons from ES cells using
readily attainable reagents. ES cells were derived from a
mouse in which enhanced green fluorescent protein (eGFP)
was linked to a motoneuron specific promoter. The cells
were plated onto a monolayer of 293 EcR-Shh cells that
carry an integrated construct for the expression of sonic
hedgehog (Shh) under ecdysone-inducible control. To initi-
ate motoneuron differentiation, 293 EcR-Shh:ES cell cocul-

tures were treated with ponasterone A (PA) and retinoic
acid for 5 days. PA induces ecdysone, and thus drives Shh
expression. To assess differentiation, putative ES cell-
derived motoneurons were studied immunocytochemi-
cally and cultured on chick myotubes for functional anal-
ysis. We found that ES cells differentiated into eGFP™*
cells that expressed transcription factors typical of mo-
toneurons. Furthermore, ES cell-derived motoneurons
were capable of forming functional connections with mus-
cle fibers in vitro. Finally, when transplanted into the
developing chick spinal cord, ES cell-derived motoneu-
rons migrated to the ventral horn and projected axons to
appropriate muscle targets. In summary, this simple
treatment paradigm produces functional motoneurons
that can be used for both developmental and preclinical
studies. STEM CELLS 2007;25:1697-1706

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

INTRODUCTION

Spinal cord disorders such as amyotrophic lateral sclerosis
(ALS) and spinal muscular atrophy result in the dysfunction
and eventual death of spinal motoneurons. Both neurodegenera-
tive disorders have been targeted for cell replacement therapy
using stem cells because they involve individual classes of
neurons that are located within defined regions of the central
nervous system [1-3]. To this end, several investigators have
successfully directed embryonic stem (ES) cells to differentiate
into motoneurons in vitro [4—6]. Furthermore, recent studies
have shown that transplantation of ES cell-derived motoneurons
dramatically attenuates abnormal locomotor behavior in an an-
imal model of ALS [7]. However, despite these promising
results, substantially more research is required before ES
cells can be used for clinical therapies. Consequently, proto-
cols directing ES cells to differentiate into motoneurons
should use methods that are readily available to a wide range
of investigators with varying scientific backgrounds and
technical expertise.

The majority of protocols directing ES cells to differentiate
into specific neuronal subtypes use a sequential combination of
mitogens [8]. Unfortunately, some differentiation protocols use

techniques or specific reagents that limit their widespread use.
For example, a few laboratories have shown that ES cells readily
differentiate into functional motoneurons when cultured with a
sonic hedgehog (Shh) agonist (HhAg1.3) and retinoic acid (RA)
[4, 5, 7, 9, 10]. Unfortunately, expansion of these studies by
other investigators has been limited because the Shh agonist is
not readily accessible. To overcome this limitation, we sought to
determine whether Shh itself, or a recombinant Shh protein,
could readily direct ES cells to differentiate into functional
motoneurons in the presence of RA. For convenience, we used
293 EcR-Shh cells as a source of Shh in order to avoid tedious
biochemical purification of the protein. The 293 EcR-Shh cells
carry a stably integrated construct for the expression of murine
Shh under ecdysone-inducible control [11].

Our results show that ES cells readily differentiate into
motoneurons when cocultured with Shh producing cells, but not
with a recombinant Shh protein. In ovo transplantation studies
revealed that ES cell-derived motoneurons migrated to the ven-
tral horn and projected axons to the epaxial muscle. Finally,
physiological studies showed that the ES cell-derived motoneu-
rons were capable of forming functional synapses with muscle
fibers in vitro. In summary, this simple technique efficiently
differentiates ES cells into functional motoneurons that can be
used for developmental and preclinical studies.
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MATERIALS AND METHODS

Cell Cultures

HBG3 ES cells were initially derived from a transgenic mouse
(mHB9:GFP1b) where the expression of enhanced green fluores-
cent protein (eGFP) was linked to the promoter of the HB9 gene [4].
Because HBO is expressed by all postmitotic somatic motoneurons
[12], eGFP expression in these cells can be used to monitor mo-
toneuron differentiation [4]. HBG3 ES cells were expanded and
passaged using methods previously described [4, 10].

Two hundred and fifty thousand 293 EcR-Shh cells (number
CRL-2782; American Type Culture Collection [ATCC], Manassas,
VA, http://www.atcc.org) were plated in 6-well plates (number
3335; Corning Inc., Corning, NY, http://www.corning.com) con-
taining 3 ml of KShh medium per well. KShh medium consisted of
Dulbecco’s modified Eagle’s medium (DMEM) (numberl1995;
Invitrogen, Carlsbad, CA, http://www.invitrogen.com) supple-
mented with 4 mM L-glutamine, 1.5 g/l sodium bicarbonate (num-
ber 25080; Invitrogen), 4.5 g/l glucose, 0.4 mg/ml G-418 (Geneti-
cin; number 11811; Invitrogen), 0.4 mg/ml Zeocin (number 45-
0430; Invitrogen), and 10% fetal bovine serum (number 16000-044;
Invitrogen). After 1 day in vitro (DIV), the cells were washed with
DMEM, incubated in DFK10 medium, and then plated with 10-25
embryoid bodies. The 293 EcR-Shh cells were used in this study
because they carry a stably integrated construct for the expression of
murine sonic hedgehog under ecdysone-inducible control [11]. Pon-
asterone A (PA; number 45-0478; Invitrogen) induces ecdysone in
293 EcR-Shh cells and thus drives Shh expression. Consequently,
PA (21.5 puM; Invitrogen) and RA (1 wM; number R2625; Sigma)
were added to the medium immediately after plating the embryoid
bodies to initiate motoneuron differentiation. The cells were fed
every day with fresh DFK10 medium containing 1 uM RA. After 5
DIV, the eGFP* embryoid bodies were gently plucked from the 293
EcR-Shh cells using a blunt tungsten needle (0.125-mm tungsten
wire; number TGWO0515; World Precision Instruments, Sarasota,
FL, http://www.wpiinc.com) and plated on growth-factor-reduced
matrigel (number 35-4230; BD Biosciences, San Diego, http:/
www.bdbiosciences.com) coated coverslips or chick myotubes (see
below) in wells containing DFK10 medium. The medium was
supplemented with 20 ng/ml glial-derived neurotrophic factor
(GDNF; number GF030; Chemicon) and 10 ng/ml ciliary neurotro-
phic factor (CNTF; number 01-195; Upstate, Charlottesville, VA,
http://www.upstate.com) after 24 hours. In a separate series of
experiments, 10—25 embryoid bodies were either cultured as free-
floating cells in DFK10 medium containing recombinant mouse Shh
protein (rmShh; 0.25 pg/ml; number 464-SH; R&D Systems Inc.,
Minneapolis, http://www.rndsystems.com) and 1 uM RA or in
wells containing 250,000 human embryonic kidney (HEK) 293 cells
(number CRL-1573; ATCC). The cells were fed every day with
fresh DFK10 medium containing 1 uM RA. After 5 DIV, the
embryoid bodies were plated on growth factor reduced matrigel-
coated coverslips in wells containing DFK10 medium as described
above.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 10 minutes, washed
several times with phosphate-buffered saline (PBS), and incubated
at 4°C for 12 hours with a primary antibody in a solution containing
0.3% Triton X and 10% goat serum. The following primary anti-
bodies were used: Lim1/2 (1:2; Developmental Studies Hybridoma
Bank [DSHB], lowa City, IA, http://www.uiowa.edu/~dshbwww),
Lhx3 (1:50, DSHB), Isl-1/2 (1:5, DSHB), B-III tubulin (1:5,000;
Covance, Princeton, NJ, http://www.covance.com), and CD29 (Se-
rotec; number MCA2028; Serotec Ltd., Oxford, U.K., http://www.
serotec.com). After several washes with PBS, the cells were incu-
bated for 2 hours at room temperature in a solution containing a goat
anti-mouse secondary antibody (1:500; Cy3; Jackson Immunore-
search Laboratories, West Grove, PA, http://www.jacksonimmuno.
com) and 10% goat serum. In some experiments, rhodamine con-
jugated a-bungarotoxin (1:100; Molecular Probes, Eugene, OR,
http://probes.invitrogen.com) was applied during an additional

2-hour incubation period. To prevent fading, the sections were
mounted with Vectashield (Vector Laboratories, Burlingame, CA,
http://www.vectorlabs.com) and stored at 4°C. Images were cap-
tured using a laser-scanning confocal microscope (Zeiss LSM 510;
Carl Zeiss, Jena, Germany, http://www.zeiss.com) or an Axiovert
microscope (Zeiss).

In Ovo Transplantation

Fertile eggs (Truro, Nova Scotia, Canada) from white Leghorn
chickens (Gallus gallus) were incubated at 37°C in a humidified
incubator. E2.5 (HH17-18) [13] chicken embryos were selected,
and a window (15 X 15 mm) was made in the shell using a dental
drill. Under sterile conditions, the vitelline membranes were
opened, and an incision spanning one somite was made in the
T7-LS1 region of the neural tube using a flame-sharpened tungsten
needle (0.077-mm wire; World Precision Instruments, Sarasota, FL,
http://www.wpiinc.com). The ependymal layer on the ventral right
side of the embryo was disrupted, and a single embryoid body
containing ~120 eGFP* motoneurons was transplanted into the
ventral region of the neural tube lumen. The eggs were sealed with
a coverslip and returned to the incubator for an additional 5 days.

Tissue Preparation and Immunohistochemistry

Embryos were killed at stage (St.) 13 (E7), eviscerated, ventral
laminectomized, fixed in 4% formaldehyde for 1 hour, washed
several times in PBS, and then left in PBS overnight at 4°C. The
embryos were then incubated in 30% sucrose/PBS for 2 hours at
4°C, mounted in optimal cutting temperature compound (Tissue
Tek), and stored at —80°C. Coronal sections (30 wm) were washed
for 20 minutes in PBS and then incubated overnight at 4°C in 0.3%
Triton X/PBS, 10% goat serum, and a primary antibody. The
antibodies used were: Isl-1/2 (1:5), Lim1/2 (1:2), Lhx3 (1:50), and
B-1II tubulin (1:5,000). The sections were washed in PBS and
incubated in a goat anti-mouse secondary antibody (1:500) at room
temperature for 2 hours and mounted with Vectashield. Confocal
images were captured using a laser-scanning confocal microscope
(Zeiss LSM 510), and confocal orthogonal images were rendered
using Zeiss LSM image browser software (Zeiss).

Intracellular Recordings of Muscle Fibers

Chick myotube cultures were generated as previously described
[14]. Briefly, pectoralis muscles were extracted from E12 (St. 38)
chick embryos and triturated several times in Hanks’ balanced salt
solution (HBSS) using a fired polished Pasteur pipette. The disso-
ciated myoblasts were plated on type I rat tail collagen (3.66 mg/ml;
number 354236; BD Biosciences) coated coverslips in 24-well
plates (50,000 cells per well) containing Ham’s F-10 medium (num-
ber 11,550; Invitrogen) supplemented with 1.26 mM CaCl, 10%
horse serum (number 16050-122; Invitrogen) and 5% chicken se-
rum (number 16110-082; Invitrogen). Multinucleated myotubes
typically formed after 3 DIV, at which time 5-10 eGFP* embryoid
bodies were added to the cultures. To promote neuronal survival,
the Ham’s F-10 medium was replaced with DFK10 medium that
was supplemented with CaCl, (1.36 mM) and sodium pyruvate (1
mM; number 11360; Invitrogen). Twenty-four hours later, the me-
dium was further supplemented with GDNF (20 ng/ml) and CNTF
(10 ng/ml).

Sharp electrode recording techniques were used to characterize
neuromuscular activity in the cocultures 3 days after plating the
eGFP* embryoid bodies. To improve electrode accessibility, the
coverslips containing the myotubes/embryoid bodies were placed in
60-mm Petri dishes containing artificial CSF (127 mM NaCl, 3 mM
KCl, 2 mM CaCl2, 1 mM MgSO4, 26 mM NaHCO3, 1.25 mM
NaH2PO4, 10 mM D-glucose). Single myotubes near the differen-
tiated motoneurons were visualized using a stereomicroscope
and impaled with sharp electrodes (20—40 M(2) that were filled
with 3 M KCI. Only cells with stable resting membrane potentials
(Vm) between 50 and 60 mV were included in the analysis. Post-
synaptic end-plate potentials (EPPs) were amplified via an intra-
cellular amplifier (World Precision Instruments) coupled to a dif-
ferential amplifier (Dagan, Minneapolis, http://www.dagan.com)
and acquired at 10 kHz using a Digi-Data 1322A A/D board
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RA/PA/IrmShh

Figure 1. Very few HBG3 embryonic stem cells differentiate into eGFP™* motoneurons when cultured for 5 days in medium containing rmShh, RA,
and PA. (A): Bright-field illumination shows several embryoid bodies cultured for 5 days in medium containing rmShh, RA, and PA. (B):
Corresponding fluorescent image shows very few eGFP™ cells within the embryoid bodies. (C): Merged bright-field/fluorescent image of dissociated
cells in a hemocytometer. Approximately 5% of the cells differentiated into eGFP™ motoneurons (arrows). Scale bar (A—C) = 100 wm. Abbreviations:
eGFP, enhanced green fluorescent protein; PA, ponasterone A; RA, retinoic acid; rmShh, recombinant mouse sonic hedgehog.

(Columbia, MD, http://digidata.com) and AxoScope software
(Axon Instruments/Molecular Devices Corp., Union City, CA,
http://www.moleculardevices.com). Signals were analyzed off-line
using the Mini Analysis Program (Synaptosoft, Decatur, GA, http://
www.synaptosoft.com).

Isolation of Motoneurons Derived from 293 EcR-
Shh:ES Cell Cocultures

To prepare the 293 EcR-Shh:ES cells into a single cell suspension
after 5 DIV, the cocultures were gently triturated with a Pasteur
pipette and transferred to a 15-ml tube where they were washed
twice with HBSS. The HBSS was replaced with papain/DNase
(20 units/ml papain and 0.005% DNase; number LK003150; Worth-
ington Biochemical Corp., Lakewood, NJ, http://www.worthington
biochem.com), and the cells were gently agitated for 10 minutes at
37°C. The dissociated cells were transferred and triturated in a
DNase/albumin inhibitor solution to inactivate the papain. Follow-
ing centrifugation at 1,000 rpm for 3 minutes, the supernatant was
discarded, and eGFP* motoneurons were isolated from the 293
EcR-Shh cells using either fluorescence-activated cell sorting
(FACS) or an immunoisolation technique (see below).

Isolation of Motoneurons Derived from ES Cells Using FACS.
eGFP™ motoneurons were isolated from 293 EcR-Shh cells using a
FACSAria machine (BD Biosciences). Briefly, the sorting rate was
up to 1,000 cells per second with a purity of up to 97%. Linear
measurements of forward and side light scatter were made using a
488 nM blue laser. A primary gate based on the physical parame-
ters, forward and side light scatter, was set to exclude dead cells or
debris. The FACS analysis was performed using FACSDIVA soft-
ware. Sorted cells were collected in 10-ml tubes coated with 4%
bovine serum albumin (BSA). To assess the viability of the cells, 1
png/ml propidium iodide (a dye taken up by only dead cells) was
added to a sample volume of cells and analyzed with the cell sorter.
Subsequently, sorted eGFP " motoneurons were plated on matrigel-
coated coverslips for further analysis.

Isolation of Motoneurons Derived from ES Cells Using Dyna-
beads.  Cells were incubated in PBS containing mouse anti-human
CD29 (1:25; Serotec) and 0.1% BSA (AlbuMAX I; number 11020;
Invitrogen) for 10 minutes at 4°C. After two washes with PBS/0.1%
BSA, the cells were incubated in a 1.5-ml Eppendorf tube contain-
ing magnetic Dynabeads coated with a secondary Pan Mouse IgG
antibody (number 110-41; Dynal Biotech LLC, Burlington, ON,
http://www.dynalbiotech.com) for 30 minutes at 4°C. The Eppen-
dorfs containing the cells were placed in a magnet (Dynal) for 2
minutes, after which time the supernatant containing the cells that
were not attached to the magnetic beads was removed. The cells
were centrifuged for 3 minutes at 1,000 rpm and then plated on
matrigel-coated coverslips or chick myotubes in DFK10 medium
for further analysis.

Isolation of Motoneurons Derived from ES Cells Using Inserts.
Transwell collagen-coated membrane inserts (3-um pore size; num-
ber 3494; Corning) were inverted so that 293 EcR-Shh cells could
be plated on the external bottom surface. This inversion places the
basket-shaped insert upside down. A small volume of KShh me-
dium containing ~300,000 293 EcR-Shh cells was placed on the
external bottom surface and then placed in the incubator for 1 hour
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in order for the cells to adhere to the collagen. The inserts were then
placed upright in wells containing KShh medium for 2 days. Fol-
lowing washes, the inserts were transferred to wells containing
DFK10 medium with PA (21.5 uM) and RA (1 uM). We placed
5-10 embryoid bodies inside the inserts, where they attached to the
internal bottom surface. The medium inside the wells was replaced
every day. After 5 DIV, the embryoid bodies were extracted with a
blunt tungsten needle and plated on matrigel-coated coverslips or
chick myotubes in DFK10 medium for further analysis.

Quantification of eGFP* Cells in Differentiated
Embryoid Bodies

Differentiated embryoid bodies were collected and gently agitated
in a solution containing papain/DNase (20 units/ml papain and
0.005% DNase) for 10 minutes at 37°C. The dissociated cells were
transferred into a DNase/albumin inhibitor solution to inactivate the
papain. Ten microliters of the cell suspension was placed in a
hemocytometer, where the proportion of eGFP*/eGFP~ cells was
quantified.

RESULTS

eGFP is expressed under the control of a motoneuron specific
promoter (HB9) in HBG3 ES cells [4]. Consequently, eGFP
expression can be used as an initial screen for motoneuron
differentiation [4, 5, 7, 9, 10]. Previous studies have stated that
approximately 23% of HBG3 ES cells differentiate into eGFP™"
motoneurons when cultured with a Shh agonist (Hh-Ag1.3; 2.2
uM) and RA (1 uM) for 5 days [4]. Because the Shh agonist is
not readily available, we sought to determine whether Shh
recombinant mouse protein (250 ng/ml) could substitute for the
agonist. To test this ability, we first cultured free-floating HBG3
ES cells in the presence of leukemia inhibitory factor for 2 days,
as previously described for the agonist [4, 5, 10]. During this
time, the dissociated cells formed spherical embryoid bodies
containing 30—400 undifferentiated ES cells. The embryoid
bodies were then cultured in DFK10 medium containing 250
ng/ml rmShh, RA (1 uM), and PA (21.5 uM; rationale for
including the PA is discussed below) for an additional 5 days.
This concentration of rmShh was chosen because previous stud-
ies have shown that 250 ng/ml is sufficient to induce motoneu-
ron differentiation in chick neural tube explants [15].

Figure 1 shows that very few HBG3 ES cells within em-
bryoid bodies differentiated into eGFP" motoneurons after 5
DIV when cultured in medium containing rmShh, RA, and PA.
Similar results were obtained when the cells were cultured in
rmShh and RA (data not shown). Further analysis (see Materials
and Methods for details) indicated that only 5.43% = 0.205%
(n = 4 separate experiments) of the cells differentiated into
eGFP™" motoneurons after 5 DIV (Fig. 1C). Thus, rmShh does
not have the same capacity to induce ES cells to differentiate
into motoneurons as the Shh agonist.
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Figure 2. Embryonic stem (ES) cells differentiate into eGFP" motoneurons when cultured with 293 EcR-Shh cells, RA, and PA but not when
cultured with HEK 293 cells and rmShh and RA. (A-E): Bright-field illumination shows ES cells, in the form of embryoid bodies (arrows), plated
on a layer of 293 EcR-Shh cells in medium containing RA and PA. (A’-D’): The corresponding fluorescent images show that the expression of eGFP
is first observed in HBG3 ES cells after 3 days in vitro (DIV). This expression gradually increased over the next 2 DIV. (F-J): Bright-field
illumination shows ES cells (arrows) plated on a layer of HEK 293 cells in medium containing RA and PA. (F’-J”): The corresponding fluorescent
images show that very few HBG3 ES cells express eGFP in medium containing rmShh and RA. Scale bar = 100 wm. Abbreviations: eGFP, enhanced
green fluorescent protein; HEK, human embryonic kidney; PA, ponasterone A; RA, retinoic acid; rmShh, recombinant mouse sonic hedgehog.

ES Cells Differentiate into eGFP* Motoneurons
when Cultured with 293 EcR-Shh Cells and RA

To determine whether fully modified Shh protein can direct ES
cells to differentiate into motoneurons, we cultured embryoid
bodies containing HBG3 ES cells on 250,000 293 EcR-Shh cells
or 250,000 HEK 293 cells in the presence of RA. PA was added
to the medium containing the 293 EcR-Shh cells to induce Shh
expression (see Materials and Methods for details), and rmShh
(250 ng/ml) and PA were added to the tissue culture plates
containing the HEK 293 cells as a control. Bright-field photomi-
crographs in Figure 2 show several representative embryoid
bodies (arrows) 1-5 days after they were plated on either 293
EcR-Shh cells or HEK 293 cells. Fluorescent microscopy of the
same cells showed that all of the embryoid bodies plated on the
293 EcR-Shh cells contained some eGFP™" cells 3 days after
plating (Fig. 2C’). Furthermore, the number of eGFP™ cells
within the embryoid bodies increased substantially over the next
2 days (Fig. 2D’, 2E’). This time course, and extent of eGFP
expression, is remarkably similar to that observed when HBG3
cells are cultured with HhAgl.3 and RA [4, 5, 10]. In striking

contrast, only a few eGFP™ cells were observed in the cultures
containing HEK 293 cells and rmShh/RA/PA, even though the
integrity of the embryoid bodies appeared to be well preserved
(e.g., Fig. 2J, 2J°, arrows). To rule out the possibility that the
concentration of rmShh was not high enough to induce mo-
toneuron differentiation, we increased its concentration to 2.5
ng/ml in the HEK 293:ES cell cocultures. However, despite the
higher concentration, the number of eGFP* cells did not in-
crease (data not shown). Taken together, these results indicate
that HBG3 ES cells readily differentiate into eGFP" motoneu-
rons when cultured on Shh expressing cells, but not when they
are exposed to the rmShh protein.

ES cells differentiate into neurons when cultured with RA
for 5 days [16]. Therefore, to exclude the possibility that HEK
293 cells prevent neuronal differentiation, we harvested the
embryoid bodies from the RA/PA/rmShh treated HEK 293:ES
cell cocultures after 5 DIV and plated them on matrigel for an
additional 2 days. For comparison, we also cultured HBG3 ES
cells in the presence of PA and RA. The vast majority of the ES
cells in both culture conditions were B-III tubulin™, indicating
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that the lack of motoneurons in the HEK 293:ES cell cocultures
was not due to inhibition of neuronal differentiation (supple-
mental online Fig. 1A). Interestingly, RA treated embryoid
bodies contained a few eGFP™ cells (supplemental online Fig-
ure 1), presumably because the differentiating cells express
some Shh (Discussion and [4]).

HBG3 ES Cell-Derived Motoneurons from HEK
EcR-Shh/RA:ES Cell Cocultures Express Lhx3 and
Isl1/2 In Vitro

Previous studies showed that 23% of HBG3 cells differentiate
into eGFP* motoneurons when treated with the Shh agonist
HhAgl1.3 and RA. The other 77% differentiated into presump-
tive interneurons [4]. Interestingly, the treated HBG3 ES cells
selectively differentiated into a subset of motoneurons that
continually expressed the transcription factor Lhx3 [4, 10]. In
order to determine whether the same proteins were expressed by
ES cell-derived motoneurons that were differentiated on 293
EcR-Shh cells, we plucked the eGFP™ cells from the cells 5
days after plating and cultured them on matrigel for an addi-
tional 3 days. As observed with the Shh agonist, the eGFP™ cells
were B-III tubulin™ (Fig. 3A). The vast majority of them also
expressed Lhx3 (97.2% = 1.10%, n = 3; Fig. 3B) and Isl1/2
(96.4% = 0.638%, n = 3; Fig. 3C) but not Liml (1.33% =
0.176%, n = 3; Fig. 3D). The Lhx3"/eGFP~ and Liml™/
eGFP™ cells in Figure 3 are most likely interneurons [4, 5].
Taken together, these results indicate that ES cell-derived mo-
toneurons that were differentiated on 293 EcR-Shh cells selec-
tively express Lhx3 and Isl1/2 in a manner that is very similar
to HhAg1.3/RA treated ES cells [4, 5, 9, 10].

Transplanted HBG3 ES Cell-Derived Motoneurons
from HEK EcR-Shh/RA:ES Cell Cocultures Migrate
to the Medial Motor Column and Continually
Express Lhx3

Although Lhx3 is transiently expressed by all motoneurons
during early neuromuscular development [17], it is continuously
expressed by motoneurons that reside in the medial aspect of the
ventral horn within the medial motor column (MMC,,). During
development, continuously expressing Lhx3™ motoneurons mi-
grate to the MMC,, extend axons out of the spinal cord through
the ventral root, project axons around the dorsal root ganglia
(DRG), and ultimately innervate the epaxial muscles lining the
vertebral column [18]. Soundararajan et al. [10] recently showed
that motoneurons from HhAgl.3/RA treated ES cells develop
the same phenotype as endogenous Lhx3* MMC,, neurons.
Specifically, they showed that HhAgl.3/RA treated ES cell-
derived motoneurons remained Lhx3™, migrated to the MMC,,,,
and exclusively innervated axial muscles when transplanted into
the spinal cord of developing chick embryo. To determine
whether the ES cell-derived motoneurons in the present study
develop the same phenotypic fate, we plucked eGFP™ motoneu-
rons from the 293 EcR-Shh cells and transplanted them into the
neural tube lumen of St. 17-18 (~E2.5) chick embryos at the
level of somite 26. Care was taken to transplant approximately
120 eGFP™ motoneurons in the ventral aspect of the neural tube
where motoneurogenesis normally occurs [19]. The embryos
were allowed to develop until St. 31 (~E7). Cross-sections
through the developing spinal cords at LS1 showed that the
transplanted eGFP™ motoneurons translocated from the lumen
to the medial aspect of the ventral horn (Fig. 4A and 4C, boxes)
(n = 3). Higher magnification confocal microscopy, with or-
thogonal views, showed that the transplanted eGFP" motoneu-
rons continued to express Lhx3 5 days after transplantation (Fig.
4B, arrow and arrowhead). It should be noted that one of the two
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Figure 3. Embryonic stem (ES) cell-derived motoneurons express
proteins and transcription factors typical of motoneurons from the
medial motor column. (A): Both eGFP* and eGFP™ cells from the 293
EcR-Shh/RA:ES cell cocultures extended neurites that expressed S-I1I
tubulin after 3 days in vitro (DIV) when plating on matrigel. (B, C): The
vast majority of the eGFP™" cells were Lhx3* (B) and Isl1/2" (C) after
3 DIV. (D): In contrast, very few eGFP™ ES cell-derived motoneurons
expressed Lim1, although some eGFP~/Lim1 ™ cells (presumably inter-
neurons) were present. Scale bar (A-D) = 50 wm. Abbreviation: eGFP,
enhanced green fluorescent protein.

eGFP* motoneurons in this single optical section appeared
weakly stained with Lhx3 (Fig. 4B, arrowhead) because Lhx3 is
a nuclear protein, whereas eGFP is found throughout the cell.
The neighboring Lhx3"/eGFP ™~ neurons in the composite image
of the Z-stack (Fig. 4B) are likely endogenous chick MMC,,
motoneurons, chick interneurons or Lhx3™ cells derived from
the embryoid bodies [20]. As observed with the Shh agonist
[10], the vast majority of the eGFP™ neurons expressed Lhx3
(97.2% *+ 0.281%, n = 3). None of the transplanted eGFP™"
motoneurons expressed Lim1, a homeobox gene expressed by
motoneurons in the lateral aspect of the lateral motor column
(arrowhead) (Fig. 4C) (n = 3).

Transplanted HBG3 ES Cell-Derived Motoneurons
from the 293 EcR-Shh/RA:ES Cell Cocultures
Project Axons to the Epaxial Muscle

Using Neurolucida software, we anatomically quantified the
location of all of the eGFP™ cells and axons in embryos to
determine if the transplanted ES cells selectively targeted the
epaxial muscles. A representative Neurolucida reconstruction
from a single embryo (Fig. 5SA) shows that the transplanted
eGFP™" motoneurons migrated to the medial aspect of the ven-
tral horn (green dots), extended axons through the ventral nerve
root (broad arrow), formed part of the dorsal ramus (open
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Figure 4. Embryonic stem (ES) cell-derived motoneurons from 293
EcR-Shh/RA:ES cell cocultures migrate to the medial motor column and
continue to express Lhx3 when transplanted into the neural tube of stage
(St.) 17 chick embryos. (A, C): Cross-sections of St. 31 chick embryo
spinal cords showed that the majority of the transplanted ES cell-derived
eGFP" motoneurons migrated to the medial/ventral aspect of the de-
veloping neural tube (box). (A, B): Immunolabeling and confocal im-
ages show two Lhx3" transplanted motoneurons. (B): Both the com-
posite image of the Z-stack at higher magnification and the orthogonal
planes confirm colocalization. In this section, one of the eGFP* cells
contained high levels of Lhx3 (arrow), whereas the other contained low
levels (arrowhead) because Lhx3 is only located in the nucleus and
eGFP is expressed throughout the cell. (C, D): None of the transplanted
ES cell-derived eGFP" motoneurons express Lim1. Endogenous chick
Liml" motoneurons are indicated with an arrowhead. (D): Higher
magnification and orthogonal planes confirm the lack of colocalization.
In all sections, dorsal is up. Scale bar: (A, C) = 100 um; (B, D) = 10
um. Abbreviation: eGFP, enhanced green fluorescent protein.

arrowhead), and finally projected axons to the epaxial muscle
(thin arrow; epaxial muscle outlined with white dots) or the skin
(small arrowhead). For comparison, endogenous chick axons are
shown in red on the contralateral side (Fig. 5A; large arrow
indicates axons innervating the developing limb). Figure 5B is a
survey photomicrograph showing eGFP™ axons from the trans-
planted ES cell-derived motoneurons extending axons around
the DRG to form part of the dorsal ramus (Fig. 5B, arrow).
Similarly, Figure 5C shows eGFP™ axons extending along the
ventral border of the longissimus muscle (an epaxial muscle;
outlined by white dots). These results are basically indistin-
guishable from a similar in ovo study where the transplanted
motoneurons were derived from HBG3 ES cells using HhAg1.3
and RA [10]. Taken together, these results indicate that ES
cell-derived motoneurons, which were differentiated on 293
EcR-Shh cells, develop phenotypic characteristics of MMC,,
motoneurons.

Method to Derive Motoneurons from ES Cells

B-lll tubulin

Figure 5. Transplanted embryonic stem (ES) cell-derived motoneurons
from the 293 EcR-Shh/RA:ES cell cocultures selectively project axons
to epaxial muscles. (A): Neurolucida reconstruction shows that all of the
transplanted ES cell-derived motoneurons in a representative stage (St.)
31 chick embryo (green tracings) extended axons out of the neural tube
through the ventral root (broad arrow) and projected dorsally around the
DRG as part of the dorsal ramus (open arrowhead). The eGFP™ axons
in the dorsal ramus eventually bifurcated and either correctly innervated
the longissimus muscle (long arrow) or incorrectly innervated the skin
(arrowhead). Each green dot represents a single eGFP™ motoneuron. For
comparison, the projection patterns of the endogenous SB-IIT tubulin™
chick neurons are shown in red on the contralateral side. The large arrow
indicates axons projecting into the developing limb. (B, C): Single
representative B-III tubulin immunolabeled cross-sections through a St.
31 chick embryo show eGFP™ axons projecting around the DRG ([B],
arrow) and extending along the ventral border of the longissimus muscle
([C], arrow). As reported by Soundararajan et al., some transplanted ES
cell-derived motoneurons incorrectly projected axons to the skin (ar-
rowheads in [A, C]). The longissimus muscle is indicated with dotted
lines (A, C). In all sections, dorsal is up. Scale bar: (A) = 100 wm; (B,
C) = 50 um. Abbreviations: DRG, dorsal root ganglion; eGFP, en-
hanced green fluorescent protein; Nt, notochord.

ES Cell-Derived Motoneurons from the 293 EcR-
Shh/RA:ES Cell Cocultures Induce Acetylcholine
Receptor Clustering and Form Functional
Connections with Muscle Fibers In Vitro

The primary function of motoneurons is to cause muscle con-
traction by releasing acetylcholine (ACh) at the neuromuscular
junction (NMJ). NMJs are easily identifiable because they con-
tain a very high concentration of ACh receptors (AChRs). This
high concentration of AChRs arises during development be-
cause the innervating motoneurons induce both AChR cluster-
ing and local protein synthesis on the region of the muscle fibers
that is destined to become the motor endplate (reviewed in [21]).
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In order to determine whether ES cell-derived motoneurons,
which were differentiated on 293 EcR-Shh cells, induce AChR
clustering, we cultured them with chick myotubes for several
days. After 2 DIV, eGFP" motoneurons were observed to
extend neurites along individual myotubes (Fig. 6A, myotubes
are oriented vertically in the photomicrograph). Furthermore,
discrete areas containing a high concentration of AChRs could
be detected in close proximity to the eGFP*' neurites using
rhodamine conjugated a-bungarotoxin (Fig. 6A” & 6A’’, arrow-
heads). AChR clustering preferentially occurred near eGFP™
axons because very few clusters occurred in regions that were
not adjacent to the differentiated motoneurons (Fig. 6A’"").
Interestingly, the diffuse clustering of AChRs around the neu-
rites parallels what is observed during neuromuscular develop-
ment in the chick [22] and mouse [23], where receptor clustering
does not always occur in direct anatomical contact with the
innervating motor axons. These results indicate that ES cell-
derived motoneurons induce AChR clustering, a prerequisite for
neuromuscular neurotransmission.

In order to determine whether ES cell-derived motoneurons
are capable of establishing functional connections with chick
muscle fibers, we performed sharp electrode recordings from
individual myotubes that were in close proximity to the eGFP™
neurites (n = 4). Figure 6B shows a recording of four EPPs from
an individual myotube 6 days after plating (a single EPP is
indicated with an arrow). EPPs were completely blocked from
the same cell shortly after bath application of D-tubocurarine (50
uM; Fig. 6C), indicating that the potentials were due to cholin-
ergic transmission. Quantification of the EPPs revealed that
their amplitudes were unimodally distributed and similar in size
with a mean value of 0.443 = 0.0198 mV (Fig. 6D). Both the
size and distribution of the recorded EPPs suggested that they
were miniature end-plate potentials resulting from the sponta-
neous release of ACh from the presynaptic terminal. Taken
together, these results indicate that ES-cell derived motoneu-
rons, which were differentiated on 293 EcR-Shh cells, are
physiologically functional and capable of forming connections
with muscle fibers in vitro.

Isolation of Motoneurons Derived from 293 EcR-
Shh:ES Cell Cocultures

The above results indicate that functional motoneurons can be
derived from ES cells when plated on 293 EcR-Shh cells in the
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Figure 6. Embryonic stem (ES) cell-de-
rived motoneurons from 293 EcR-Shh/
RA:ES cell cocultures induce acetylcholine
receptor (AchR) clustering and form func-
tional connections with muscle fibers in
vitro. (A, A”’): ES cell-derived motoneu-
rons from 293 EcR-Shh/RA:ES cell cocul-
tures extended neurites along embryonic
chick myotubes after 2 days in vitro. (A’,
A”’): a-BTX staining revealed clustering of
AChRs in close proximity to the eGFP™*
neurites (arrowheads). (A’”’): AChR clus-
tering was absent on myotubes several mil-
limeters away from the embryoid body.
(B): End-plate potentials (EPPs) were re-
corded from chick myotubes that were in
close proximity to the ES cell-derived mo-
toneurons. (C): EPPs were blocked from
the same cell after application of 50 uM
curare. (D): The amplitudes of the EPPs
were similar is size, suggesting that they
were spontaneously occurring miniature
EPPs. Scale bar: (A) = 50 wm. Abbrevia-
tions: a-BTX, a-bungarotoxin; eGFP, en-
hanced green fluorescent protein.

0.6 0.8 1.0

presence of RA. Furthermore, the phenotype of the differenti-
ated motoneurons is the same as Shh agonist- and RA-treated ES
cell-derived motoneurons [4, 5, 10]. However, in order for this
method to be widely used for developmental and preclinical stud-
ies, it is imperative that the differentiated motoneurons can be
isolated from the 293 EcR-Shh cells. Consequently, we used and/or
developed three methods to isolate the differentiated ES cells.
The first isolation technique involved dissociating the
cocultures into a single cell suspension and then sorting them
with FACS. Linear measurements of forward and side light
scatter were made using a 488-nM blue laser, and then a
primary gate was set to exclude dead cells or debris (Fig. 7Ai).
FACS histogram analysis showed that the nonfluorescent 293
EcR-Shh cells (Fig. 7Aii, Box 1) could easily be distinguished
from the eGFP" cells (Fig. 7Aii, Box 2 and Fig. 7Aiii). Using
this stringent FACS protocol, 100% of the sorted cells were
eGFP*. Furthermore, the FACS-isolated eGFP* motoneurons
were viable and extended neurites when cultured for 3 days in
medium supplemented with CNTF and GDNF (Fig. 7B).
Although isolation of eGFP* motoneurons from nonfluo-
rescent cells by FACS results in a pure culture of motoneurons,
it is an impractical technique if the ES cells are not fluorescent
or if the researchers do not have access to FACS. In order to
overcome these limitations, we developed two alternative meth-
ods to isolate differentiated ES cells from 293 EcR-Shh cells.
The first method takes advantage of the fact that 293 cells
express human S, integrin (CD29; [24]), whereas mice ES cells
do not. In this technique, we dissociated the cocultures and then
incubated the cell suspension with an antibody that selectively
recognizes the extracellular component of human (3, integrin.
The cells were then incubated with magnetic Dynabeads (Dy-
nal) coated with a secondary mouse IgG antibody. The 293
EcR-Shh cells were subsequently removed from the cell sus-
pension with a magnet. Figures 7C shows several eGFP™ ES
cell-derived motoneurons in the cell suspension (arrows).
eGFP™ cells were not found in the cell fraction containing the
magnetic beads (Fig. 7D, 7F). Using fluorescent/bright-field
illumination (Fig. 7C, 7C’), we determined that 29% * 4.78%
(n = 6) of the cells in the suspension were eGFP™ motoneurons.
This percentage is greater than the 23% previously reported
using the Shh agonist [4]. The eGFP™ cells (Fig. 7C’, arrow-
heads) were presumably interneurons because the dissociated
cells yielded B-III tubulin™ neurons 24 hours after plating on
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eGFP/CD29F

Figure 7. Three different techniques were used to isolate embryonic stem (ES)-cell derived motoneurons from the cocultured 293 EcR-Shh cells.
(Ai): Density plots of dissociated eGFP" motoneurons and 293 EcR-Shh cells from cocultures. Blue and red dots represent nonfluorescent and eGFP*
cells, respectively. Line indicates gate used for sorting eGFP" motoneurons from the 293 EcR-Shh cells (y-axis = side scatter, x-axis = forward
scatter). (Aii): Fluorescence-activated cell sorting (FACS) histogram analysis showed that the nonfluorescent 293 EcR-Shh cells (Box 1) could easily
be distinguished from the eGFP* cells (Box 2) (y-axis = count; x-axis = fluorescein isothiocyanate). (Aiii): Enlargement of blue box in (Aii). (B):
Confocal image shows that eGFP" motoneurons extend neurites and survive for at least 3 days in vitro when isolated with FACS and cultured with
ciliary neurotrophic factor and glial-derived neurotrophic factor. (C): Fluorescent image shows several dissociated eGFP* motoneurons (arrows) after
immunoisolation with Dynabeads. (C’): Bright-field photomicrograph of the cells in (C) shows that ~30% of the immunoisolated cells were eGFP*
(arrows). eGFP™ cells (arrowheads) likely represent ES cells that differentiated into interneurons. (D): Fluorescent image shows that none of the cells
bound to the Dynabeads expressed eGFP. (D’): Bright-field photomicrograph of the cells in (D) shows large clusters of 293 EcR-Shh cells attached
to small opaque Dynabeads. (E): Merged fluorescent images showing eGFP* (green) and B-III tubulin™ (red) cells 24 hours after immunoisolation.
(E’): None of the immunoisolated cells, from the same experiment described in (E), immunostained with CD29 (red; eGFP™" cells appear green). (F):
Fluorescent image showing that the cells attached to the Dynabeads are not eGFP*. (F”): Same cells as in (F) immunostained with CD29. (G):
Fluorescent image shows that ES cells differentiate into eGFP " motoneurons when plated on the internal bottom surface of inserts with 293 EcR-Shh
cells plated on the external bottom surface. (G”): Bright-field image shows ES cell-derived motoneurons (arrow) and 293 EcR-Shh cells (arrowhead)
on the internal and external bottom surfaces, respectively, of semitransparent collagen-coated inserts. (H): ES cell-derived motoneurons that were
harvested from the inserts extend neurites when plated on matrigel for 24 hours. (H”): Bright-field image of the cells shown in (H). Scale bar: (B)
= 20 pm; (C, D, G) = 200 um; (E, F, H) = 100 wm. Abbreviations: eGFP, enhanced green fluorescent protein; FITC, fluorescein isothiocyanate.

matrigel (Fig. 7E). None of the plated cells expressed CD29
(Fig. 7E’). Finally, EPPs were recorded from individual muscle
fibers 3 days after plating the cell suspension on chick myotubes
(supplemental online Fig. 2B), indicating that the purification
procedure did not attenuate the motoneurons’ capacity to form
functional synaptic connections.

It has often been advantageous for developmental biologists
to maintain the differentiated motoneurons in a spherical cluster
of cells [4, 10]. In this way, the cluster behaves like an explant
of tissue, and explants are routinely used in experiments such as
axon guidance studies. Consequently, we developed a method to
isolate a cluster of differentiated ES cells from 293 EcR-Shh
cells. In this technique, we initially attached 293 EcR-Shh cells
to the external bottom surface of transwell collagen-coated

membrane inserts (see Materials and Methods for details). After
2 DIV, RA was added to the medium, and several embryoid
bodies were placed inside the inserts, where they attached to the
internal bottom surface. The inserts prevented the two cell types
from mixing together yet allowed signaling to occur between the
ES cells and 293 EcR-Shh cells. Figure 7G shows that the ES
cells in the inserts differentiated into eGFP" motoneurons after
5 DIV in a manner that was comparable to when they were
plated directly onto the 293 EcR-Shh cells (e.g., Fig. 2E’). The
cluster of differentiated ES cells could easily be removed from
the inserts with blunt tungsten needles and extended neurites
within 24 hours when plated on matrigel (Fig. 7H). The cluster
of ES cells also extended neurites and induced AChR clustering
when plated on myotubes (supplemental online Fig. 2A). Fi-
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nally, EPPs were recorded from individual muscle fibers 3 days
after plating the cluster on chick myotubes (supplemental online
Fig. 2C), indicating that this purification procedure did not
reduce their capacity to form functional synaptic connections.

DISCUSSION

It is well established that ES cells differentiate into functional
motoneurons when treated with a Shh agonist and RA [4, 5, 9,
10]. Our present results extend these findings to show that ES
cells rapidly and easily differentiate into functional motoneu-
rons when cocultured with Shh producing cells and RA. Fur-
thermore, we demonstrated that the ES cell-derived motoneu-
rons were virtually indistinguishable from those generated with
the Shh agonist. Several lines of evidence support this conclu-
sion. First, as shown with the agonist [4, 10], virtually all ES
cell-derived motoneurons in the current study were Hb9™ and
Lhx3™. Second, both differentiation protocols generated ES cell-
derived motoneurons that migrated to the MMC,,, and selectively
extended neurites to epaxial muscles when transplanted into the
neural tube of developing chick embryos [10]. Finally, motoneu-
rons derived from either Shh agonist/RA treatment [5] or 293
EcR-Shh:ES cell/RA cocultures induced AChR clustering and
formed functional synaptic connections with muscle fibers in vitro.

Motoneuron Induction by Recombinant Shh Versus
the Modified Shh Protein

A striking finding in the present study was the low level of
motoneuron differentiation in the presence of RA and rmShh
(Figs. 1, 2). This result was particularly surprising in light of the
fact that recombinant Shh (250 ng/ml) induces motoneuron
differentiation in neural plate explant cultures [15]. Although
the reason for this discrepancy is not entirely clear, it could be
due to the fact that the Shh expressed in 293 EcR-Shh cells is
efficiently processed into a mature signaling molecule that is
covalently modified with the addition of both cholesterol and
fatty acids [25]. Previous studies indicate that post-translational
modification by cholesterol [26] and/or fatty acids [27, 28]
increases its potency by 15- to 160-fold over unmodified Shh.
Recombinant Shh protein is not cholesterol or palmitate modi-
fied, and thus it is likely far less potent than native Shh protein.
Several studies have also shown that ES cells and neural pro-
genitor cells express low levels of Shh [4, 29]. This endogenous
source of Shh causes some cells within embryoid bodies to
differentiate into motoneurons when they are exposed to only
RA ([4, 6], supplemental online Fig. 1B). Consequently, it is
possible that neural plate explant cultures contain some Shh, and
that this endogenous source induces motoneuron differentiation
when combined with exogenous rmShh.

In contrast to the present study, Li et al. [6] showed that
recombinant Shh protein induces human ES (hES) cells to
differentiate into functional Hb9* motoneurons in the presence
of RA. Although these results appear to contradict ours (Figs. 1,
2), there are several differences between the two studies that
could account for the discrepancy. First, the ES cells were
derived from entirely different species (human vs. mouse).
Second, the hES cells were induced to differentiate into neuro-
ectodermal cells with fibroblast growth factor 2 before they
were treated with RA and recombinant Shh. Finally, Hb9™
motoneurons did not appear until 4 weeks after the onset of the
ES cell differentiation protocol (the highest population of HB9™
cells did not occur until the 5th week). Consequently, it is
possible that hES and murine ES cells respond differently to
recombinant Shh. Alternatively, neuroectodermal cells may ex-
press some Shh, and it is possible that this endogenous source
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induces motoneuron differentiation when combined with recom-
binant Shh. It is also possible that hES cells would differentiate
into motoneurons more rapidly if cultured using the techniques
described in the present study.

293 EcR-Shh Cells and ES Cell-Derived
Dopaminergic Neurons

Apart from its role in generating various classes of motoneurons
and interneurons within the ventral spinal cord [30], Shh also
induces ventral neurons to become dopaminergic neurons in the
developing forebrain [31] and midbrain [32]. Based on these
developmental studies, several investigators have included re-
combinant Shh in their protocols to differentiate ES cells into
dopaminergic neurons [33-35]. Interestingly, only 10%—-20% of
the cells differentiate into tyrosine hydroxylase-positive neurons
in the presence of recombinant Shh [33, 34]. Furthermore,
several weeks of differential culturing conditions are required to
derive dopaminergic neurons from ES cells. Based on the
present results, it would be tempting to determine whether
dopaminergic neurons would be produced more rapidly, and at
a higher yield, if the mature Shh protein was substituted for the
recombinant Shh protein in the differentiation protocols.

ES Cell-Derived Motoneurons as a Tool to Study
Motoneuron Development and Disease

Purification of distinct neuronal subtypes is often required to
study channel physiology, cell survival, axonal guidance, gene
expression, and apoptosis. Isolation protocols are also essential
for screening the effects of pharmacological reagents on specific
cell types. To this end, Camu and Henderson [36] developed a
protocol to purify embryonic rat motoneurons from spinal cord
tissue using differential centrifugation and immunopanning.
This technique results in the isolation of approximately 100,000
putative motoneurons per E15 spinal cord. The differentiation
protocol in the present study provides an alternative method to
study factors affecting motoneuron survival and development.
In addition, millions of motoneurons can be reproducibly de-
rived with our protocol, making this an ideal technique for
transplantation studies or high throughput screening of pharma-
cological reagents. Indeed, studies showing improved locomo-
tion in paralyzed rats after transplantation of ES cell-derived
motoneurons [7, 9] have ignited the quest to develop a cell
replacement therapy for patients who have ALS or a spinal cord
injury. The availability of easily obtainable ES-cell derived
motoneurons will likely aid in this quest.
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