
NE of the current challenges in neurobiology is to
ensure that neural precursor cells differentiate into
specific neuron types, so that they can be used for

transplantation purposes in patients with neuronal loss. For
example, the capacity to replace nigral dopaminergic neu-
rons in patients with Parkinson disease or somatic motor
neurons in patients with motor neuron diseases with stem
cells could lead to viable treatments for patients with these
diseases. The goal of this study was to determine if spinal
cord precursor cells could differentiate into motor neurons
both in culture and following transplantation into a transect-
ed sciatic nerve.

In an earlier study, it was reported that neurosphere pre-
cursor cells can differentiate in culture into ChAT-positive
oligodendrocytes after treatment with BDNF and CNTF.18

In that study, however, it was observed that a small frac-
tion of ChAT-positive cells were neurons because they ex-
pressed the neuron marker MAP-2. These neurons dis-
played a large cell diameter with a multipolar structure, and
it was hypothesized that these cells were motor neurons. 

The pursuit of stem cell–derived motor neurons is not
novel. There have been previous studies in which attempts
have been made to derive motor neurons from neural pre-
cursor cells;13,14,21,22 however, in those studies researchers ex-
amined the expression of nonspecific motor neuron mark-
ers and did not demonstrate the functional properties of
precursor cell–derived motor neurons. It has been difficult
to demonstrate motor neuron differentiation from neural
precursor cells because of the paucity of specific motor neu-
ron markers. Most recently, however, progress has been
made in the in vitro differentiation of motor neurons from
mouse embryonic stem cells.31 The physiological character-
istics of these cells have not been studied.

A motor neuron can be defined, in part, by the expression
of protein markers detectable by molecular or immuno-
histochemical methods. General neuron markers such as
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Abbreviations used in this paper: ACh = acetylcholine; BDNF =
brain-derived neurotrophic factor; bFGF = basic fibroblast growth
factor; ChAT = choline acetyltransferase; CNTF = ciliary neurotro-
phic factor; DiO = 3,3�-dioctadecycloxacarbocyanine perchlorate;
DMEM = Dulbecco modified Eagle medium; DRG = dorsal root
ganglion; EGF = epidermal growth factor; GDNF = glial cell line–
derived neurotrophic factor; GFAP = glial fibrillary acidic protein;
HEPES = 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid;
MAP-2 = microtubule-associated protein–2; PBS = phosphate-buf-
fered saline; PCR = polymerase chain reaction; RT = reverse tran-
scription; VAChT = vesicular ACh transporter.



MAP-2 should be expressed, as well as cholinergic cell
markers such as the enzyme ChAT and VAChT. There are
a number of LIM homeobox transcription factors also
found in motor neurons. The first molecular marker of ter-
minal motor neuron differentiation in the spinal cord is Is-
let-1.6 Another protein localized to the motor neuron mem-
brane is REG2, which is transported along the axons of
motor neurons.16 The �11.2 (class C, L-type) subunit of the
voltage-sensitive Ca�� channel has also been localized to
spinal motor neurons.12 These are some of the markers that
can be used to detect motor neurons by using immunohisto-
chemical analysis or RT-PCR. 

The sine qua non of a motor neuron is the projection of
axons to muscle, forming neuromuscular junctions able to
effect muscle contraction. Thus, a solely histological ap-
proach to localizing precursor-derived motor neurons may
be open to criticism, despite the use of multiple markers,
and unequivocal identification of precursor cell–derived
motor neurons would rely on their ability to form function-
al neuromuscular junctions. In looking for motor neuron
differentiation, it is therefore necessary to demonstrate the
formation of neuromuscular junctions. 

The hypothesis examined in this study is that spinal
cord–derived progenitor cells will differentiate into motor
neurons both in vitro and following transplantation into a
divided sciatic nerve. To demonstrate appropriate differen-
tiation, it is not only necessary to show that the cells express
appropriate markers, but also to demonstrate that neuro-
muscular junctions are formed.

To identify and explore the functional nature of precursor
cell–derived motor neurons, two approaches were under-
taken. First, an in vitro coculture model of precursor cells
and skeletal myocytes was developed to explore neuromus-
cular junction formation by testing drug responsiveness and
electrophysiological responses. The goal of these experi-
ments was to demonstrate that precursor cell–derived motor
neurons can differentiate in culture and innervate cultured
skeletal myocytes. 

Neurospheres were also transplanted into the sectioned
sciatic nerve to determine if differentiation into a motor
neuron phenotype is possible in this environment. This was
thought to be plausible because the peripheral nerve envi-
ronment is growth permissive to motor axons and releases
growth factors after lesions.27 Authors of previous studies
have reported successful transplantation of embryonic mo-
tor neurons and fetal spinal cord preparations into the sciat-
ic nerve, including the development of neuromuscular junc-
tions.5,15 In addition to a supportive role for differentiated
motor neurons, it was hypothesized that this environment
would also promote the differentiation of motor neurons
from neurospheres.

The results demonstrate differentiation of precursor cells
into motor neurons both in vitro and following transplan-
tation into a divided sciatic nerve, thus providing evidence
that functional motor neurons can differentiate from mul-
tipotent precursor cells. This work has previously been pre-
sented in abstract7,18 and thesis17 form. 

Materials and Methods
All experiments were performed after anesthesia had been in-

duced in the animals. The experimental procedures were approved

by the University of Manitoba Animal Care Committee and con-
formed to the standards of the Canadian Council of Animal Care.

Primary Culture of Precursor Neurospheres

The culture methods were based on those described by Weiss, et
al.;29 they were slightly modified as described later in this paper. The
spinal cords were removed from E16-E18 CD1 albino mouse em-
bryos in a modified Hanks balanced salt solution without Ca�� or
Mg��, which contained the following substances (in mM): KCl (4),
KH2PO4 (0.6), NaCl (80), NaHCO3 (0.35), NaHPO4 (0.048), and
D-glucose (1) at a pH of 7.3. The spinal cords were minced and incu-
bated in Ca�� and Mg��–free Hanks balanced salt solution with 100
ng/ml papain (Sigma–Aldrich Canada, Ltd., Oakville, ON, Canada),
100 ng/ml DNAse, and 1 mg/ml protease (Type I, Sigma–Aldrich
Canada, Ltd.) for 30 minutes. After the enzyme incubation, the tis-
sue was gently triturated and washed in DMEM–F12 medium (1:1)
containing DNAse (1 mg/ml) for 15 minutes. The cell suspension
was then washed and resuspended in DMEM–F12 medium contain-
ing N2 supplement (Sigma–Aldrich Canada, Ltd.). Afterward, the
cells (4 � 104) were plated in uncoated 75-cm2 flasks, and 20 ng/ml
of EGF and bFGF were added. After 7 days in culture, floating clus-
ters of cells were withdrawn, centrifuged at 400 rpm, and resuspend-
ed in fresh medium containing EGF and bFGF. Half the medium was
changed every 7 days, and fresh EGF and bFGF were added every 4
days. The neurospheres were plated in Neurobasal medium contain-
ing B27 supplement (Invitrogen Life Technologies, Burlington, ON,
Canada) in the absence of bFGF and EGF for 7 to 10 days before fix-
ation for immunohistochemical analysis.

Myocyte–Precursor Cell Coculture for
Electrophysiological Investigation

Hindlimb muscles from CD1 mouse pups were harvested on post-
natal Day 1. Each tissue sample was dissected free of remaining
blood vessels, minced, and incubated in DMEM–F12 medium (1:1)
containing DNAse (1 mg/ml) and trypsin (1 mg/ml) for 30 minutes
in a 37˚C incubator. After the enzyme incubation, the trypsin was
inactivated by addition of DMEM–F12 medium containing 10%
fetal calf serum. The tissue was then triturated using a series of fire
polished Pasteur pipettes and washed twice in growth medium con-
sisting of DMEM–F12 medium with added glutamine (2 mM), Na�

pyruvate (1 mM), B27 supplement (1:50) (Invitrogen Life Technol-
ogies), and 5% fetal calf serum. Approximately 150 �l of cell sus-
pension was plated onto the center of a 35-mm2 culture dish that had
been coated with poly-D-lysine and laminin. After 24 hours, the dish
was flooded with an additional 600 �l of growth medium. 

After 3 days in culture, the myocyte cultures were washed twice
in Neurobasal or Hams F-14 medium containing glutamate and
forskolin, and 8 to 15 multipotent precursor cell neurospheres were
added to the center of the cultures. Brain-derived neurotrophic factor
(3 ng/ml) and CNTF (20 ng/ml; Regeneron Pharmaceuticals, Inc.,
Tarrytown, NY) were added to the cultures for the first 24 hours,
after which medium containing 2% horse serum, BDNF, CNTF, and
GDNF (10 ng/ml; Amgen Canada, Inc., Mississauga, ON, Canada)
was used to feed the cultures. Initial cultures in which DMEM–F12
medium was used resulted in less than optimal cell health and over-
growth of proliferative fibroblasts and astrocytes. This may have
been due to the high levels of glutamate in the medium. To prevent
possible glutamate-induced neurotoxicity, 1 mM kynurenate was
added to the cultures on addition of the neurospheres. This seemed
to improve cell health, but did not prevent the rapid overgrowth of
glia in the cultures. Neurobasal medium was used to decrease the
proliferation of nonneuronal cells; nevertheless, Hams F-14 medi-
um was found to be optimal for both myocyte and neuron growth
while not resulting in culture overgrowth as quickly as Neurobasal or
DMEM–F12 medium.

Immunohistochemical Analysis of Cultured Cells

Cultures were fixed in a solution of 4% paraformaldehyde and
washed five times in PBS–Triton-X (0.1%) or PBS–Tween-20
(0.8%) before primary incubation. The primary antibodies used (and
their concentrations) were as follows: Rabbit anti–ChAT (1:1000)

J. Neurosurg. / Volume 98 / May, 2003

Motor neuron differentiation from precursor cells

1095



and goat anti–VAChT (1:10000) (both from Chemicon Internation-
al, Mississauga, ON, Canada); mouse anti–MAP-2 (MAP2A,B; 1:
1000), mouse anti–panaxonal antibodies (1:1000), and rabbit anti–
GFAP (1:1000) (all from Sternberger Monoclonals, Inc., Lutherville,
MD); mouse anti–Islet-1 (1:500) and rat anti–nicotinic receptor (1:
500) (both from Developmental Studies Hybridoma Bank, Uni-
versity of Iowa, Iowa City, IA); rabbit anti–REG2 (1:1000; a gift
from Dr. Liam Murphy, University of Manitoba, Winnipeg, MB,
Canada); mouse anti–�1c (�11.2) subunit (1:1000; Alomone Labs,
Jerusalem, Israel); mouse anti–myosin (1:100; Sigma–Aldrich
Canada, Ltd.); rabbit anti–glutamate receptors 5, 6, and 7 (1:1000;
BD Biosciences Pharmingen, San Diego, CA); and mouse anti–ga-
lactocerebroside (1:100; Boehringer Mannheim, Laval, QC, Can-
ada). Primary incubations included donkey serum (dilution 1:100;
Sigma–Aldrich Canada, Ltd.). Secondary antibodies included the
following (and their concentrations): donkey anti–mouse/cy3 conju-
gate (1:250) and donkey anti–mouse/fluorescein isothiocyanate (1:
250) (both from Jackson Laboratories, Bar Harbor, ME); and donkey
biotinylated anti–rabbit (1:100) and streptavidin–fluorescein isothio-
cyanate (1:100) (both from Amersham Biosciences, Inc., Baie d’
Urfé, QC, Canada). Between all antibody incubations, all cultures
were washed five times in PBS or in PBS–bovine serum albumin
(1%). Final washes were conducted in 50 mM Tris-HCl before the
specimens together with a glycerine-based antifade medium were

protected with a coverslip (Vectashield; Vector Laboratories Cana-
da, Inc., Burlington, ON, Canada). Images were either photographed
or digitized using a Neurolucida image analysis system (Micro-
BrightField, Inc., Williston, VT).

Detection of Islet-1 Expression by RT-PCR Analysis

Total RNA was extracted from differentiated neurosphere–myo-
cyte cocultures at 1-, 2-, and 3-week growth intervals by using Trizol
reagent (Invitrogen Life Technologies). Whole neonatal mouse spi-
nal cord and adult mouse ovary RNAs were also extracted to serve
as positive and negative controls, respectively. Complementary
DNA was synthesized using 1 �g of total RNA in a 20-�l reaction
volume consisting of the following: First-strand buffer and 0.1 M
1,4-dithiothreitol (both from Invitrogen Life Technologies), 10 mM
deoxynucleoside triphosphates, 500 ng/�l of random hexamer (N6)
primers, 20 U of RNA guard, 2 �g bovine serum albumin, 1 �g total
RNA, and 200 U of Moloney murine leukemia virus reverse tran-
scriptase. The reaction volume was incubated for 2 hours at 37˚C
and, subsequently, the reaction was terminated by a 5-minute incu-
bation at 65˚C. The primer pair used for the Islet-1 PCR was based
on that proposed by Kalyani, et al.,14 and similar sequences were
modified for the mouse genome: sense, 5�-GCAGCATAGGCT-
TCAGCAAG-3�; antisense, 5�-ATAGCAGGTCCGCAAGGTG-3�.

S. C. MacDonald, et al.
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FIG. 1. Immunohistochemical detection of motor neuron antigens in tissue culture. Phase-contrast micrograph demon-
strating clusters of proliferative neural precursor cells grown in tissue culture (A). After they were plated on a permissive
substrate in the absence of mitogens, some precursor cells differentiate into large-diameter ChAT-positive neurons (B and
C1 [arrow]). Immunohistochemical analysis was used to identify more specific markers of motor neuron differentiation
and growth. A subpopulation of ChAT-positive neurons expresses the LIM homeobox transcription factor, Islet-1 (arrow
in C2). An example of an REG2-immunoreactive neuron (arrow in D1), which also expresses Islet-1 (arrow in D2), is also
shown. Bars = 100 �m (A); 15 �m (B); and 50 �m (C1–D2).



The PCR included PCR buffer (Pharmacia Canada, Mississauga,
ON, Canada), 1 pmol sense and antisense primers, 10 �l of RT reac-
tion product, 50 �M deoxynucleoside triphosphates, and 1 U of Taq
DNA polymerase (Pharmacia Canada) in a 100 �l volume. The reac-
tion was run for 35 cycles (60 seconds at 95˚C, 45 seconds at 58˚C,
and 45 seconds at 72˚C) followed by a final 7-minute incubation at
72˚C to ensure complete extension. The PCR product was electro-
phoresed on a 2% agarose ethidium bromide–containing gel, and the
bands were visualized and photographed under exposure to ultravio-
let light. 

Functional Analysis of Cocultures

The methods we used are based on those outlined by Ternaux and
Portalier.28 Briefly, cultures were locally perfused (DAD-12 fast per-
fusion system; Adams and List, Great Neck, NY) consisting of 12
barrels feeding into a common output manifold. Agonists kainate
and ACh were applied to a nonspontaneously contracting myocyte to
elicit contraction. Images were then captured at a rate of 3.3 Hz on a
digital camera over a 30 to 60–second interval. Control solution was
perfused between agonist applications and was used also as a nega-
tive control. Contractions were then expressed graphically as a func-
tion of time. After identifying an innervated myocyte by perfusion of
kainate, the myocyte was recorded using whole-cell voltage-clamp
techniques.8 Briefly, the cultures were visualized with the aid of an
inverted microscope (Nikon Canada, Inc., Mississauga, ON, Cana-
da) and the culture medium was replaced with a HEPES-buffered
recording solution containing the following components (in mM):
HEPES (10), NaCl (150), KCl (5), MgCl2 (1), CaCl2 (2), and glucose
(10) at a pH of 7.4. Electrodes were pulled from borosilicate glass on
an upright electrode puller (Narishige Scientific Instrument Lab,
Tokyo, Japan) with a final tip resistance of 4 to 6 M�. The intra-
cellular recording solution consisted of the following components (in
mM): K-gluconate (140), ethyleneglycol-bis(�-aminoethylether)-N,
N,N�,N�,-tetraacetic acid (11), HEPES (10), CaCl2 (1), KOH (35)
Mg adenosine triphosphate (4), and guanosine triphosphate (2) at a
pH of 7.4. Recordings were acquired using pCLAMP (version 6.0)
acquisition software (Axon Instruments, Inc., Union City, CA) and
amplified through an Axopatch 1-D amplifier (Axon Instruments,
Inc.) to a computer disk. Traces were analyzed using CLAMPFIT
software (version 6.0; Axon Instruments, Inc.).

Sciatic Nerve Transection and Transplantation

The methods we used for this study were based on those proposed
by Erb, et al.5 Sixty-one adult male BalbC mice were anesthetized
with ketamine and xylazine. The sciatic nerve was exposed and tran-
sected. Neurospheres were dissociated and labeled 1 to 2 days before
transplantation with the lipophilic fluorescent marker DiO, which
had been dissolved in dimethyl sulfoxide for 1 hour. This method
was efficient for labeling precursor cells, but was not complete, and
there remained some transplanted cells that were not labeled. After
transection of the sciatic nerve, the proximal stump was deflected in-
to the surrounding musculature and sutured into a muscle bed away
from the distal nerve stump. The distal nerve stump was injected
with approximately 27 �l of the neurosphere suspension previously
labeled with DiO and was ligated to prevent leakage of the suspen-
sion. At time periods between 0 days and 7 months posttransplanta-
tion, the mice were again anesthetized and were perfused by intracar-
diac administration of cold (4˚C) prefix solution, consisting of 0.9%
NaCl, 0.1% sodium nitrite, and 1000 U of heparin, followed by 4%
paraformaldehyde, 0.1% sodium phosphate, and 0.9% saline. The
sciatic nerve and the distal muscle were removed and postfixed for
24 hours in this latter fixative solution, after which they were placed
in a 10% sucrose solution. The tissue was cryosectioned into 5-�m-
thick slices and mounted on gelatin-coated slides for immuno-
histochemcal analysis in the manner described for the in vitro ex-
periments. At the time of the animal’s death, both sciatic nerves
were harvested and the nonexperimental nerve served as a control.
Various controls were used including nonsectioned, nontransplanted
nerves, transected nontransplanted nerves, and transected nerves in-
jected with neurosphere-free BDNF and CNTF–impregnated media.

Results

Culture Experiments

Precursor cell cultures were generated using methods
based on those described by Weiss, et al.,29 resulting in the
formation of free-floating clusters of cells that expressed
the intermediate filament marker nestin and could be pas-
saged multiple times while maintained in a proliferative
state in culture (Fig. 1A). 

There have been previous reports of growth and survival-
promoting actions of BDNF, CNTF, and GDNF on motor
neurons.10,25 Clusters of precursor cells were allowed to dif-
ferentiate in the presence of BDNF (10 ng/ml) and CNTF
(20 ng/ml) for 7 to 10 days. In later experiments, GDNF (10
ng/ml) was also included in the culture medium. The re-
sulting cultures were fixed and initially processed for the
neuron and glia markers MAP-2, GFAP, and galactoce-
rebroside, which demonstrated the existence of neurons,
astrocytes, and oligodendrocytes, respectively, with the
morphological characteristics of all these cell types.18 All
differentiated neurospheres displayed MAP-2–labeled neu-
rons at varying frequencies. 

One of the defining markers of cholinergic neurons is the
enzyme ChAT, which synthesizes ACh. To determine if
cholinergic neurons differentiate from precursor cells, cell
cultures were processed immunohistochemically for ChAT
(68 cultures). Immunostaining for ChAT revealed the pres-
ence of large multipolar cells (Fig. 1B). Most of the neu-
ronal ChAT-positive cells were multipolar, whereas some
retained the more bipolar morphological characteristics
of immature motor neurons.30 All cholinergic cells were
characterized by a large soma diameter (mean 21.6 	 4.3
�m). Double-label immunohistochemical analysis was
performed for ChAT and either MAP-2/panneuronal an-
tibodies, galactocerebroside, or GFAP to label neurons,
oligodendrocytes, or astrocytes, respectively. In addition to
finding the colocalization of ChAT and galactocerebroside,
which demonstrated differentiation into cholinergic oligo-
dendrocytes,17 ChAT and the MAP-2/panneuronal antibod-
ies were also colocalized, indicating that some neurons
were cholinergic. In no instance were GFAP and ChAT an-
tibodies colocalized. The GFAP-positive cells were flat and
displayed a diffusely projecting structure characteristic of
astrocytes (data not shown). These results demonstrate cho-
linergic neuron differentiation from proliferative spinal cord
precursor cells. 

Additional immunohistochemical examination of differ-
entiated cultures was necessary by using antibodies to more
specific motor neuron markers. Islet-1 is part of the LIM
homeobox family of transcription factors and is the first
molecular indicator of motor neuron differentiation.6 Cul-
tures that were coprocessed for ChAT and Islet-1 revealed
large cholinergic neurons displaying Islet-1–labeled nuclei
(Fig. 1C1 and C2; 15 cultures). There was also a population
of ChAT and Islet-1–positive cells that possessed smaller
soma diameters than the large ChAT and Islet-1–positive
cells. This Islet-1 population may represent another cho-
linergic spinal neuronal or oligodendroglial group. Anoth-
er marker of motor neurons is the Schwann cell mitogen
REG2.16 Expressed by motor neurons, REG2 is retrograde-
ly transported along developing or regenerating motor ax-
ons. Cultures were coprocessed for Islet-1 and REG2 and
revealed large-diameter REG2-positive cells that coex-

J. Neurosurg. / Volume 98 / May, 2003

Motor neuron differentiation from precursor cells

1097



pressed Islet-1 in the nucleus (six cultures; Fig. 1D1 and
D2). There were fewer REG2-positive neurons observed
in differentiated cultures than Islet-1–positive cells. It is
known that REG2 only labels a subpopulation of motor
neurons and this would account for the lower number of la-
beled cells.4 These results provide evidence for the expres-
sion of specific motor neuron markers in cholinergic cells,
suggesting that some of these cholinergic neurons express
the antigenic characteristics of motor neurons.

To examine the time course of putative motor neuron dif-
ferentiation, Islet-1 expression was also examined in neu-
rosphere cultures after 1, 2, and 3 weeks by applying RT-
PCR technology to neurosphere–myocyte cocultures grown
in medium containing BDNF, CNTF, GDNF, and forskolin
(four cultures). Neonatal spinal cord and adult ovary RNA
were harvested to serve as positive and negative controls,
respectively. A single strong 350-bp band was present for
the spinal cord and there was no band present from the
ovary RNA (Fig. 2). The 1-week-old neurosphere culture
yielded a strong Islet-1 band, which was weak or absent at
2 and 3 weeks. The transient expression of Islet-1 suggests
that culture conditions are not favorable for long-term sur-
vival of motor neurons.

S. C. MacDonald, et al.
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FIG. 2. Expression of Islet-1 in differentiated neuroepithelial
cultures. The Islet-1 RT-PCR product was electrophoresed on an
agarose gel and visualized under ultraviolet illumination. The first
lane corresponds to the 100-bp marker. The second lane displays a
strong 350-bp band derived from spinal cord RNA. The RNA that
was harvested from a 1-week-old culture displays a similar band. A
faint band is visible for the RNA obtained from a 3-week-old cul-
ture, but no band was visible for ovary RNA or for RNA obtained
from a 2-week-old culture.

FIG. 3. Development of neuromuscular junctions in a precursor cell–myocyte coculture. An example of a cholinergic
axon and terminal (arrow in A1) in apposition to a cluster of nicotinic ACh receptors (NICR; arrow in A2) is demonstrated
using ChAT–VAChT and nicotinic receptor immunohistochemical analysis. Phase-contrast micrograph (B1) of a precur-
sor cell cluster–myocyte coculture depicting a myocyte in close apposition to a differentiating cluster (white arrow). A con-
traction profile (B2) showing that the myocyte contracted in response to a perfusion of kainate or ACh (black arrows). Kai-
nate application caused contraction only in the innervated myocyte, whereas an ACh perfusion caused contraction in all
neighboring myocytes as well.



Muscle–Neural Precursor Cell Coculture

As stated earlier, to be satisfied that these cells were in-
deed motor neurons, it is necessary to demonstrate func-
tional connections with muscle. A muscle coculture prep-
aration was, therefore, developed to determine whether
functional connections could be made to muscle, in support
of the immunohistochemical and molecular data indicat-
ing motor neuron differentiation. Clusters of multipotent
progenitor cells were cocultured with dissociated myocytes
from P0-P1 mouse pups, and the preparation was adjusted
to optimize growth and differentiation of both myocytes
and neurospheres. The addition of forskolin to the culture
medium improved the differentiation and growth of myo-
cytes (56 cultures), and also appeared to increase the num-
ber of MAP-2/panaxon–labeled neurons (data not shown).
The neurons found in BDNF/CNTF-treated cultures with
added forskolin had longer neurites and more axon termi-
nals than those found in BDNF/CNTF-treated cultures
without forskolin. The addition of GDNF to the culture me-
dium containing BDNF and CNTF increased the number of
nerve terminals, but neither the length of the neurites nor the
number of the neurons was increased (data not shown).
Thus, the addition of GDNF and/or forskolin to neuro-
sphere cultures treated initially with BDNF and CNTF was
one means by which this preparation was optimized to im-
prove the growth of neurosphere-derived motor neurons.

To determine whether neuromuscular junctions formed
in culture, the cultures were immunohistochemically la-
beled with markers for neuromuscular junctions. Immu-
nostaining was performed using antibodies to the nicotinic
receptor, as well as to ChAT and VAChT to label choliner-
gic somata and axon terminals, respectively (16 cultures).
In vivo, nicotinic ACh receptors are normally localized
to postsynaptic sites on neuromuscular junctions and are
closely apposed to cholinergic terminals from motor axons.
The immunostaining of cultures revealed labeling of cho-
linergic terminals in close apposition to clusters of nicotinic
receptors, showing the anatomical existence of neuromus-
cular junctions (Fig. 3A). In some cultures, VAChT-positive
boutons were also seen in apposition to muscle fibers locat-
ed close to differentiated neurospheres, suggesting that cho-
linergic synapses were present on the myocytes. The rare
(zero–four times/culture) occurrence of these boutons indi-
cates that either the culture conditions were not optimal for
neuromuscular development or that the detection methods
were not ideal. These results provide anatomical evidence
that neuromuscular junctions are formed in vitro. 

To determine if the neuromuscular junctions were capa-
ble of effecting muscle contraction, we applied a pharmaco-
logical approach similar to that used by Ternaux and Porta-
lier.28 Local perfusion of ACh was used to evoke muscle
contraction directly, whereas kainate was applied to evoke
contraction through excitation of a presynaptic motor neu-
ron. To be satisfied that the glutamate was acting on the
neurons and not on the myocytes, a double-label immuno-
histochemical investigation for myosin and the glutamate
receptors 5, 6, and 7 was performed (four cultures). No in-
stances of double labeling were seen; therefore, kainate-in-
duced contraction was a sign of synaptic activation of the
myocytes.

For these experiments, nonspontaneously contracting
myocytes were targeted and perfused with kainate in

1-week-old cultures (Fig. 3B1). Kainate perfusion was
shown to elicit contraction in skeletal myotubes (Fig. 3B2;
five). Kainate was washed out and the contraction ceased.
Acetylcholine was subsequently applied and the contraction
of the original myocyte as well as those of neighboring
myocytes were observed (Fig. 3B2). After identifying an in-
nervated myocyte by kainate perfusion, whole-cell record-
ing revealed the presence of end-plate potentials capable of
eliciting an action potential and contraction in the targeted
myocyte (Fig. 4). The end-plate potentials were 1 to 3 mV
in amplitude (Fig. 4B), which occasionally recruited an ac-
tion potential with a long posthyperpolarization duration
(100 msec). The end-plate potentials were absent during
the posthyperpolarization period and only reappeared after
the cell returned to a resting membrane potential (data not
shown). These results provide physiological evidence of the
formation of functional contacts, indicating that, in vitro,
spinal multipotent precursor cells can differentiate into neu-
rons that express motor neuron antigens and can develop
axons that can innervate myocytes and produce functional
neuromuscular junctions. 

In Vivo Transplantation Experiments

The next step was to determine if undifferentiated neuro-
spheres could differentiate into motor neurons after trans-
plantation into the transected sciatic nerve. The hypothesis
to be tested was that the local environment would be appro-
priate not only for the survival of transplanted precursor
cells, but also for the differentiation of these cells into mo-
tor neurons. There is considerable fluctuation in trophic fac-
tor levels in peripheral nerve after transection; for example,
CNTF is released into the extracellular space.27 Sixty-one
BalbC mice were used in this part of the study. Neuro-
spheres were transplanted into transected sciatic nerves,
which were then harvested at the following intervals: Day
0 (four nerves); Days 1 through 5 (six nerves); 1 week (six
nerves); 2 weeks (three nerves); 3 weeks (six nerves); 4
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FIG. 4. Electrophysiological responsiveness of a skeletal myo-
cyte in coculture. A: Phase-contrast micrograph showing a pre-
cursor cell–myocyte coculture. The differentiating neurosphere is
seen on the left side of the panel and is marked by the letter n. Long
healthy myocytes are seen running along the substrate, and the re-
cording electrode is seen on the targeted myocyte. This particular
cell was seen to contract in response to 50 �M kainate and ceased
to contract after the agonist was washed out. Bar = 50 �m. B:
End-plate potentials in response to a low concentration of kainate in
the recording medium. No spontaneous end-plate potentials were
observed in the absence of kainate.



weeks (seven nerves); 5 weeks (one nerve); 6 weeks (two
nerves); 8 weeks (five nerves); 10 weeks (five nerves); 12
weeks (three nerves); 15 weeks (two nerves); 24 weeks
(two nerves); and 31 weeks (one nerve). The remaining
eight mice either served as controls or did not survive the
experimental procedure.

It was first demonstrated that DiO-labeled cells could be
seen at all survival times; these cells survived at least 7
months following transplantation. To demonstrate that the
transplant remained in an undifferentiated state at the time
of injection, sciatic nerve sections were stained for the inter-
mediate filament protein nestin, which is found in precursor
cells. Immediately after injection (Day 0), precursor cell
grafts displayed intense nestin staining in DiO-labeled cells
(Fig. 5A). The nestin expression of DiO-labeled cells de-
clined over time and was not detectable by 1 week post-
injection. There was high background labeling of nestin in
peripheral nerve sections, which is consistent with the ex-
pression of nestin by Schwann cells.11

At 3 days and 12 weeks posttransplantation, differentiat-
ed cells displayed labeling for MAP-2 and panaxonal neu-
ron markers (Fig. 5B). These results indicate that at least
some precursor cells differentiate along neuronal pathways
following transplantation. 

To determine whether more specific motor neuron mark-
ers were expressed, immunohistochemical analysis was
used to detect the motor neuron antigens ChAT and the
voltage-sensitive Ca�� channel �11.2 subunit. The ChAT
labeling was revealed in several DiO-labeled cells in the
neurosphere graft at 2, 3, 4, 8, 10, and 12 weeks posttrans-
plantation, demonstrating the existence of cholinergic neu-
rons at several time points (Fig. 6A). The �11.2 subunit con-
stitutes a portion of an L-type Ca�� channel and is found on
motor neurons in the spinal cord.12 This subunit was used as
a specific motor neuron marker in place of Islet-1 because

the Islet-1 antibody produced a tremendous background of
excess labeling in sciatic nerve sections, making interpreta-
tion impossible. Antibodies to the �11.2 Ca�� channel sub-
unit were used and positively stained DiO-labeled cells in
the graft (Fig. 6B). The punctate cytosolic pattern of label-
ing was very similar to that shown by Jiang, et al.12 These
results demonstrate the expression of two markers found in
motor neurons, suggesting that precursor cells can differen-
tiate along the path of a motor neuron following transplan-
tation into the transected sciatic nerve.

To determine if these differentiated cells had axons, a
panaxonal antibody cocktail was used. This demonstrated
that the implanted cells developed axonal processes (Fig.
7A). On examination of the triceps surae muscle, it was
clear that DiO-labeled processes extended down the nerve
to appose muscle fibers by 12 weeks following implan-
tation (Fig. 7A). In addition, these fibers developed cho-
linergic terminals, as demonstrated by labeling with an-
ti-VAChT by 16 weeks posttransplantation (Fig. 7B). As
expected, no native cholinergic terminals could be identi-
fied at this interval in control animals with a transected,
nontransplanted sciatic nerve (data not shown). Further-
more, there were macroscopic structural differences be-
tween the transplanted nerve and the control sectioned
nerve. The transected nontransplanted nerves were trans-
lucent and difficult to identify after several months. Nev-
ertheless, the nerves with the precursor cell implants
were substantial, readily identifiable, easily dissectible, and
amenable to manipulation. These results demonstrate that
precursor cells transplanted into the distal portion of a di-
vided sciatic nerve can differentiate into neurons that do the
following: 1) express a motor neuron phenotype; 2) devel-
op axons extending toward muscle; and 3) develop cholin-
ergic terminals. These transplanted neurons also appear to
maintain the viability of the distal nerve.
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FIG. 6. Expression of motor neuron markers in transplanted sci-
atic nerve shown in sections of adult mouse sciatic nerve after cell
transplantation. The DiO labeling is marked by arrows (A2 and
B2). Expression of ChAT (arrow in A1) at 12 weeks and the �11.2
(class C) subunit of the L-type Ca�� channel (arrow in B1) at 4
weeks give evidence that motor neurons are differentiating in the
cell-transplanted sciatic nerve. Bars = 20 �m (A1 and A2) and 10
�m (B1 and B2).

FIG. 5. Expression of nestin and MAP-2 in transplanted sciatic
nerves shown in sections of adult mouse sciatic nerve after trans-
plantation of neural precursor cells. Neural precursor cells were
traced using DiO (arrows) during the transplantation procedure (A2
and B2). One day after transplantation of precursor cells, intense
nestin immunoreactivity is seen in cells at the graft site (arrows in
A1). As early as 3 days posttransplantation, MAP-2–positive neu-
rons are seen at the graft site (arrows in B1). Bars = 15 �m (A1 and
A2) and 25 �m (B1 and B2).



Discussion

The findings of this study demonstrate that motor neu-
rons can differentiate from neural precursor cells both in
culture and after transplantation into a transected sciatic
nerve. The cells’ identity as motor neurons has been con-
firmed by demonstrating that they are cholinergic neurons
that express markers specific for motor neurons. Addition-
ally, they develop axonal processes and synapse with mus-
cle. Synaptic excitation of myocytes has been demonstrated
in coculture conditions. The difficulty in finding markers
specific to motor neurons prompted the use of antibodies to
multiple motor neuron antigens combined with a function-
al analysis of neuromuscular connections to demonstrate
the existence of motor neurons derived from isolated cul-
tured neural precursor cells. 

Differentiation of Cultured Neurospheres

The immunohistochemical studies reported here demon-
strate that precursor cells differentiate into large-diameter
neurons that express the proteins ChAT, Islet-1, and REG2
in cultures treated with BDNF, CNTF, and GDNF. Current-
ly, the yield of cells expressing these markers is very low
(� 1%). This is consistent with findings of previous studies
in which the authors also reported a low frequency of large-
diameter ChAT-positive or p75-positive cells derived from
cultured neuroepithelial precursor cells.13,22 In light of the
report that a population of partition cells is cholinergic and
also possesses p75 immunoreactivity,19 it becomes neces-
sary to use additional markers to identify these cells as mo-
tor neurons. Surprisingly, in a previous report it was shown
that oligodendrocytes derived from neurospheres can also
express ChAT.18 Oligodendrocytes have been shown to ex-
press the p75 receptor as well,2 demonstrating that neither
of these markers can be viewed as specific for motor neu-
rons. In this study we therefore identified differentiating
motor neurons in culture by using the specific motor neuron
markers REG2 and Islet-1. The marker REG2 is expressed
in developing motor neurons and is responsive to mem-
bers of the leukemia-inhibitory factor family of cytokines to
which CNTF belongs. It is therefore not surprising to see
REG2 expressed in cultures supported with CNTF.16 It has
been reported that Islet-1 is the first molecular marker of
motor neuron differentiation and is expressed by all motor
neurons before segregation into motor neuron subgroups.6
The colocalization of Islet-1 with both REG2 and ChAT
demonstrates the development of motor neuron phenotypes
in these cultures. 

A possibility for consideration, however, is that these
cells could be DRG neurons. Both Islet-1 and REG2 are
also expressed in the DRG. The marker ChAT has not tra-
ditionally been reported in the DRG,1,24 but there is a recent
report demonstrating ChAT-like immunoreactivity in the
DRG.23 Nonetheless, DRG neurons possess a remarkably
different structure than motor neurons, being much more
spherical and either unipolar or bipolar in shape. The neu-
rons in this study do not demonstrate such morphological
characteristics. Furthermore, the relationship of these neu-
rons to myocytes would preclude them from being primary
afferents (see the following section).

A recent study has convincingly demonstrated motor
neuron differentiation from embryonic stem cells in vitro.31

In that study the investigators used a combination of retino-
ic acid and a sonic hedgehog agonist to recapitulate normal
motor neuron development. The neurons generated in this
fashion expressed molecular markers of motor neuron iden-
tity and, following implantation into an embryonic chick
spinal cord at the time of normal motor neuron develop-
ment, developed axons that made synaptic contacts with in-
tercostal muscles. The physiological characteristics of these
neurons have not yet been studied.

Synaptic Connections in Myocyte–Precursor
Cell Cocultures

Although the cells appear to be motor neurons anatom-
ically, to be identified definitively as motor neurons they
must have the capacity to innervate muscle and effect mus-
cle contraction. To examine this in vitro, a coculture prepa-
ration based on that described by Ternaux and Portalier28

was used. Michikawa, et al.,20 also have demonstrated that
motor neurons can form neuromuscular junctions in cul-
ture. The addition of forskolin to the cocultures was ob-
served to have a great effect on promoting myocyte health
and structure. Myocyte length increased up to 700% and
displayed more robust contractile responses, as observed
with the aid of a light microscope. This is consistent with
the known actions of forskolin such as increasing the intra-
cellular concentration of cyclic adenosine monophosphate
and promoting cell survival. Forskolin also has been previ-
ously reported to promote survival of cultured motor neu-
rons and, in combination with other trophic factors, can pro-
mote motor neuron survival for up to 3 weeks in culture.9
The addition of both forskolin and GDNF to a coculture
with skeletal myocytes appears to promote the growth and
survival of motor neurons.9

The anatomical evidence demonstrates the formation of
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FIG. 7. Precursor cells sending axons to distal muscles. A: At
12 weeks after transplantation, a DiO-labeled axon (arrow) runs
along the musculature attached to the distal end of a sciatic nerve
section. B: Cholinergic terminals labeled with VAChT antibodies
(arrow) are seen on muscle tissue at the distal end of the sciatic
nerve section at 16 weeks posttransplantation. Bars = 25 �m (A)
and 5 �m (B).



cholinergic (VAChT-positive) terminals in close apposition
to nicotinic receptors on the myocytes. The cell density and
debris of the culture made it impossible to identify indi-
vidual motor neurons innervating myocytes in the living
culture and to target these neurons for intracellular record
ing. Nevertheless, the myocyte whole-cell recording exper-
iments revealed end-plate potentials in response to kainate,
demonstrating that neuromuscular junctions are able to
form in these cocultures. We therefore used a drug-perfu-
sion technique modeled after that reported by Ternaux and
Portalier28 to demonstrate functional connections between
the neurons and the myocytes. Myocyte contraction can be
seen visually. Kainate application, which had no demon-
strable direct effect on the myocytes, led to synaptically
evoked myocyte contraction, demonstrating the formation
of functional synapses in coculture. In summary, these re-
sults demonstrate that precursor cells can differentiate into
neurons with motor neuron phenotypes that can functional-
ly innervate myocytes.

Differentiation in Transplanted Sciatic Nerve

The fact that the precursor cells could differentiate into
motor neurons following transplantation into the transected
sciatic nerve indicates that the sciatic nerve environment
contains factors that can direct motor neuron development.
It is curious that the precursor cells could differentiate into
motor neurons in a region of the host organism that normal-
ly does not contain those cells. The absence of any classic
motor neuron differentiation factor such as sonic hedgehog
would suggest that either a default program exists, allowing
some motor neuron differentiation, or that the transplant-
ed cells derive appropriate support from the neurospheres
themselves. It was hypothesized that, because the trophic
support of Schwann cells and terminal myocytes functions
to maintain the health of motor neuron axons and the sur-
vival of motor neurons in the healthy adult,26 this envi-
ronment may hold sufficient cues to promote survival and
effect differentiation. The peripheral nerve milieu is also
much more permissive to axon growth than the hostile
growth environment of the central nervous system. 

Motor neuron survival has been reported after transplan-
tation of embryonic motor neurons or fetal spinal cord prep-
arations into the transected sciatic nerve, and it has been
accompanied by successful reinnervation of the hindlimb
musculature.5,15 In these studies the researchers used im-
munohistochemical, dye tracing, and electrophysiological
methods to demonstrate restoration of neuromuscular junc-
tions. The results of these studies led us to use this approach
in the current study. Immunohistochemical analysis of the
sections from the sciatic nerves injected with neural precur-
sor cells demonstrated the presence of neurons, cholinergic
cells, and, more specifically, motor neurons by using anti-
bodies to MAP-2, ChAT, and VAChT, and the �11.2 volt-
age-sensitive Ca�� channel subunit. This was coincident
with a decrease in the expression of the precursor cell mark-
er nestin in DiO-labeled cells. Nestin is rapidly downreg-
ulated in progenitor cells of the central nervous system as
they differentiate,3 indicating that differentiation of precur-
sor cells into more mature neuron phenotypes had occurred. 

Although an important starting point, the immunohisto-
chemical identification of motor neuron antigens is not suf-
ficient to identify cells as motor neurons. The cells must
also grow axons toward muscle and form cholinergic ter-

minals and functional connections with muscle to be classi-
fied as motor neurons. To determine whether motor neurons
differentiated from neural precursor cells can functionally
innervate muscle in vivo, it would be necessary to study the
transplanted sciatic nerve electrophysiologically. Prelimi-
nary studies performed 31 weeks posttransplantation indi-
cated positive electromyographic responses in both the tri-
ceps surae and tibialis anterior muscles in response to nerve
stimulation. Stimulus–contraction coupling of ankle mus-
cles was also observed visually. Subsequent stimulation
of transected, nontransplanted sciatic nerves resulted in no
ankle movement (personal observations). This preliminary
observation supports the existence of functional neuromus-
cular junction formation in transplanted sciatic nerves and
encourages the pursuit of further study. 

These results demonstrate the differentiation of function-
al spinal motor neurons from neuroepithelial precursor cells
in culture and also on transplantation into the adult sciatic
nerve. Although these results demonstrate that it is possible
to obtain functional motor neurons from neurospheres, the
growth conditions in vitro need to be optimized to increase
the yield of motor neurons.31 Furthermore, the factors that
promote survival and differentiation following transplanta-
tion must be identified. 
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