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ABSTRACT: Umbilical cord stem cells would be a favorable
alternative to embryonic stem cells for therapeutic applica-
tions. In this study, human multipotent progenitor cells
(MLPCs) from umbilical cord were differentiated into
oligodendrocytes by being exposed to a range of micro-
environmental chemical and physical cues. Chemical cues were
represented by a novel defined differentiation medium
containing the neurotransmitter norepinephrine (NE).
Under traditional two-dimensional conditions, the MLPCs differentiated into oligodendrocyte precursors but did not progress
further. However, in a three-dimensional environment, the MLPCs differentiated into committed oligodendrocytes that
expressed myelin basic protein. The apparent method of interaction of NE in stimulating the differentiation process was shown
to occur through the adenergic pathway, while all prior differentiation methods have used other routes. This novel method of
obtaining functional human oligodendrocytes from MLPCs would eliminate many of the difficulties associated with their
differentiation from embryonic stem cells.
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There is a crucial need to establish alternatives to human
embryonic stem cells (hESC) as a source of stem cells for

clinical applications. This is especially true for applications to
disease and injury in the central nervous system (CNS), as
recent clinical trials have been delayed by the Federal Drug
Administration for hESC but have been relatively straightfor-
ward for adult stem cells and stem cells from other sources. To
that end, this study represents the first example of small
molecule induction of oligodendrocytes from stem cells by
activation of noradrenergic signaling. The multipotent progen-
itor cells (MLPCs) from a human umbilical cord were
differentiated into oligodendrocytes in the presence of
norepinephrine (NE) in a three-dimensional (3D) environ-
ment. Differentiation of these cells in a two-dimensional (2D)
environment was not sufficient to allow complete maturation.
Oligodendrocytes, the cells that are responsible for

myelination of axons in the CNS, originate from neuro-
epithelium during development1−6 and, like most other cells in
the CNS, arise from Sox-1 positive neuroepithelial cells of the
neural tube.7−9 The progression of the oligodendroglial lineage
is characterized by morphological changes and acquisition of
specific surface antigens.10−14 The oligodendrocyte progenitors
can be detected with the A2B5 antibody followed by the
expression of the O4 sulfatide, which persists in ramified but
immature oligodendrocytes. Committed oligodendrocytes lose
A2B5 reactivity after they begin to express O1 galactocerebro-
side. Differentiated oligodendrocytes, which are postmitotic
and richly multipolar cells, express myelin basic protein (MBP)
upon maturation and initiate the myelination of neurons in the

CNS. In this study, oligodendrocytes were generated from Sox-
1 positive MLPCs from human umbilical cord. It is possible
that MLPCs, like cells of the CNS and early waves of
multipotent MSCs, originate from neuroepithelium.15,16

MLPCs from umbilical cord are collected at birth and have
the potential to give rise to all three embryonic layers.17

Differentiation of oligodendrocytes in the local tissue
environment depends on gradients of soluble factors and
physical cues. One of the soluble factors is norepinephrine
(NE), a small molecule neurotransmitter released from
noradrenergic neurons. The effect of NE on oligodendrocyte
differentiation is not yet well understood. However, it has been
reported that noradrenergic fibers contact oligodendrocytes at
sites that resemble symmetrical synapses, suggesting that
oligodendrocytes could be a primary target of NE.18 It has
been determined that NE binds to and activates α- and β-
adrenergic receptors (ARs), and oligodendrocytes express both
α-1 and β-ARs.19−22 It had also been demonstrated that
activation of α-1 adrenergic signaling influenced the formation
of processes and the production of myelin and that activation of
β-adrenergic signaling by NE inhibited proliferation and
accelerated lineage progression.19−21,23,24 It was suggested
that β-AR-mediated signaling may be restricted to the
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proliferative phases of oligodendrocyte development and
dismantled after the arrest of proliferation.
The physical cues that modify differentiation are defined by

mechanical forces and local architecture.25,26 These conserved
and evolutionarily ancient features, although largely unknown,
may be the source of many developmental cues. During
development, signals are transduced to a stem or progenitor
cells’ nuclei through changes in the cytoskeleton. For example,
it has been shown that the fate of oligodendrocyte precursors is
controlled by both spatial and geometric characteristics of an
axonal niche.27 We have previously demonstrated how physical
as well as chemical cues control the function of endothelial and
neuronal cells in a defined system.28−32

In this study, a 3D environment that guided differentiation of
MLPCs into mature oligodendrocytes was constructed. A
nonbiological growth promoting substrate trimethoxy-silylprop-
yl-diethylenetriamine (DETA) was utilized as a physical cue as
it had been demonstrated in the past to promote CNS cell
growth and differentiation.28,33,34 The triamine moiety of
DETA resembles the structure of spermidine, a well-known
growth factor35,36 that we believe is responsible for its
cytophilic properties. The chemical cues were represented by
a number of soluble factors of which NE had the key function.
The soluble factors alone under the 2D conditions were able to
induce differentiation of MLPCs along the initial stages of the
oligodendrocyte lineage; however, mature oligodendrocytes
were obtained only under 3D conditions.
To date, human oligodendrocytes have been produced

mostly from embryonic or fetal stem cells, raising ethical
considerations.37−40 MLPCs, unlike embryonic stem cells, do
not spontaneously differentiate in vitro yet are capable of
extensive differentiation and expansion17 and could generate
unlimited numbers of human oligodendrocytes. This will be
especially important as stem cell-derived therapeutics are
developed for demyelinating diseases such as multiple sclerosis
(MS). From a technological standpoint, this system would also
be advantageous as the time to differentiation is much shorter
for the MLPCs than for hESC, and the MLPSs also can be
induced using small molecules, without genetic manipulation,
in a defined, serum-free system.

■ RESULTS AND DISCUSSION
MLPCs and Oligodendrocytes May Share a Neuro-

epithelial Origin. Oligodendrocytes arise from the Sox1
positive neuroepithelium during development. Induction of
oligodendrocyte fate is characterized by expression of A2B5 and
PDGFR-α.41,42 To explore whether untreated MLPCs could
have some neuroepithelial or oligodendrocyte progenitor
characteristics, we performed immunocytochemical analysis
for expression of Sox1, A2B5, and PDGFR-α. The results
indicated that untreated MLPCs were Sox1 positive. This
suggests that MLPCs, like oligodendrocytes, originate from the
neuroepithelium. Untreated cells were PDGFR-α positive and
A2B5 negative but expressed PDGFR-β (Figure 1). The
negative expression of A2B5 and positive staining for PDGFR-β
(Figure 1) distinguished the untreated MLPCs from oligoden-
drocyte progenitor cells. These results are interesting when
compared to recently published findings demonstrating that
Sox1+ neuroepithelium also gives rise to the first wave of
multipotent mesenchymal stem cells, generated during develop-
ment.15,16

Differentiation of MLPCs along an Oligodendrocyte
Lineage in a 2D Environment. To investigate the effect of

noradrenergic signaling on the oligodendrocyte development,
MLPCs were differentiated in a defined, serum-free culture
system. Prior to differentiation, the MLPCs were plated on
DETA-coated coverslips. DETA is an aminosilane that forms a
covalently bound, uniform, self-assembled monolayer on the
glass surface. DETA contains a triamine moiety that resembles
spermidine, a known growth factor, in its terminal group. At
physiologic pH, these amines carry partial positive charges,
providing a hydrophilic surface promoting cellular attachment.
DETA is nondigestible by matrix metalloproteases secreted by
the cells, and therefore, it promotes long-term cell survival.
Prior to experiments, DETA surfaces were characterized by
XPS analysis to ensure that the complete monolayer was
formed during the self-assembly process and the hydrophilic
property of surfaces was confirmed by static contact angle
measurements of 45.6 ± 2°. Once characterized, DETA-coated
coverslips were used for plating and differentiation of MLPCs.
Plated MLPCs were allowed to evenly spread and expanded

either for 3 days or to 60% confluence. Then the culture
medium was replaced with the preinduction medium
supplemented with bFGF, EGF, and PDGF-AA. After 24 h,
cells were transferred into the differentiation medium,
containing growth factors bFGF, EGF, and PDGF-AA along
with K252a, heparin, forskolin, and NE. The essential factors
were NE, forskolin, and K252a, as the desired morphology was
not observed in the absence of any of these factors (Figure 2A).
Both forskolin and K252a are frequently used during stem cell
differentiation; however, norepinephrine emerged as the novel
stem cell differentiation factor. The absence of the growth
factors increased the differentiation rate but resulted in a
decreased level of survival and less elaborate process formation.
After the transfer into the differentiation medium, the MLPCs
exhibited cell shape changes, from that of a fibroblast
morphology to refractile cell bodies.
Within 8 days, approximately 70% of cells developed multiple

processes, and Figure 2A reflects the morphology development
at day 15. Immunocytochemical analysis was performed using
the antibodies for specific stages of oligodendrocyte differ-
entiation (Figure 2B). The untreated MLPCs showed negative
staining for A2B5 and faint staining for O4. Cells were also
negative for the more mature oligodendrocyte markers O1
galactocerebroside and MBP. However, after differentiation for
8 days, 72.4 ± 3.4% of cells exhibited positive staining for A2B5
and 69.9 ± 4.9% for O4, but expression of O1 galactocerebro-
side and MBP was absent in the 2D environment.
The results indicate that in response to the treatment, the

majority of MLPCs acquired cellular characteristics of
immature oligodendrocyte precursors. The expression of
A2B5 and O4, accompanied by a multiprocess morphology,

Figure 1. Immunocytochemical analysis of untreated MLPC suggests a
neuroepithelial origin. Untreated MLPCs expressed the neuroepithelial
marker Sox-1 and stained positively for PDGFR-α and PDGFR-β and
negatively for A2B5. The scale bar is 100 μm (20× magnification).
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persisted to day 15, but the precursors did not achieve a fully
differentiated phenotype. After 15 days, cells began to lose their
multiprocess morphology and became mostly bipolar and
spindle-shaped (Figure 2A). At day 20, 35.0 ± 4.8% of cells
remained A2B5 positive and 49.7 ± 7.9% O4 positive and O1
and MBP negative (Figure 2C). In addition, limited cell survival
was observed after 20 days.
Differentiation of MLPCs in a 3D Environment.

Because it has been shown to be an important feature in

cellular development, we examined the effect of a simple 3D
environment on oligodendrocyte lineage progression. To
construct this 3D environment, we differentiated cells between
two coverslips. Initially, undifferentiated cells were plated onto
DETA-coated coverslips at the bottom of 12-well plates. At
60% confluence, the culture medium was replaced with the
preinduction medium and then an unmodified glass coverslip
was placed atop the cultured cells.
Cell flattening and spreading were observed in the 3D

environment within 24 h (Figure 3B). After 24 h, the

preinduction medium was replaced with differentiation medium
and there was a further increase in the level of cell flattening
(Figure 3C), but within 10 days, cells began to form processes
and the cell bodies slowly contracted. Process development and
branching continued for 3 weeks. After 30 days, approximately
85% of the cells had elaborated an extensive network of
processes (Figure 3D−F). The presence of PDGF was required
for process formation, as in its absence cells progressed through
initial differentiation stages but lost their multiprocess
morphology after 2 weeks. The presence of bFGF and EGF
was not essential but resulted in an increased level of branching
and the development of highly elaborated processes (Figure
3G−I). The influence of bFGF and EGF on oligodendrocyte
process regeneration has been previously reported,43,44 and our
results suggest a role for both growth factors in process
formation in vitro, as well.
Immunocytochemical analysis revealed that after differ-

entiation for 20 days 81.8 ± 6.6% of cells expressed the
oligodendroglial marker A2B5 and 80.6 ± 2.9% O4 (Figure
4C). After 30 days, 57.7 ± 3.6% of the cells stained positively
for A2B5, 79.6 ± 2.9% for O4, 42.1 ± 2.7% for the committed
oligodendrocyte marker O1 galactocerebroside, and 15.2 ±
0.5% for MBP (Figure 4A−C). The 3D environment appeared
to play a key role during differentiation, oligodendrocyte
commitment, and lineage progression. Even after the removal

Figure 2. Phase contrast images and immunocytochemical analysis of
differentiating MLPCs in a 2D environment. (A) Undifferentiated
MLPCs (Und) exhibited fibroblast morphology. Cells after 15 days in
differentiation medium without NE, forskolin (For), or K252a retained
their fibroblast morphology. Process formation was visible in the
medium without growth factors PDGF-AA, EGF, and bFGF (PEF).
Refractile cell bodies and an increased level of process formation were
observed in the presence of all factors indicated above for days 15−20.
Cells lost their multipolar morphology and became bipolar or spindle-
shaped after approximately 20−24 days. The scale bars are 100 μm
(20× and 40× magnification). (B) Immunocytochemical analysis of
differentiating MLPCs in a 2D environment. The untreated MLPCs
showed negative staining for A2B5 and faint staining for O4. After
differentiating for 15 days, cells exhibited positive staining for A2B5
and O4, characteristics of immature oligodendrocyte precursor cells.
The scale bars are 100 μm (rows 1 and 2, 20× magnification; row 3,
40× magnification). (C) MLPCs do not differentiate into committed
oligodendrocytes in a 2D environment. After differentiation for 8 days,
72.4% of cells were positive for A2B5 and 69.9% for O4, and after 15
days, 70.3% of MLPCs exhibited positive staining for A2B5 and 69.7%
for O4. After 20 days, 35.0% of cells remained A2B5 positive and
49.7% O4 positive. Expression of O1 galactocerebroside and MBP was
absent in both untreated and differentiating cells. Error bars represent
the SD.

Figure 3. 3D environment promotes further differentiation of MLPCs.
(A−F) Phase contrast images of differentiating MLPCs. (A) The
untreated cells displayed typical fibroblast morphology. (B) Cells
exhibited flattening and spreading at 24 h in the 3D environment. (C)
Cells after 8 days in the differentiation medium displayed an increased
level of flattening. (D−F) After differentiation for 30 days,
approximately 80% of cells revealed extensive processes. (G−I)
Growth factors influenced the development of processes. (G and H)
Immunostained cells displaying increased levels of branching and
development of processes in the presence of bFGF and EGF. (I)
Simple processes were observed in the absence of bFGF and EGF.
Scale bars are 100 μm (40× magnification).
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of NE from the differentiation medium after 20 days, the cells
retained their differentiated morphology after an additional 10
days in culture.
This is in contrast to the cells in the 2D environment that

appeared to dedifferentiate after 20 days in culture and never
expressed oligodendrocyte markers O1 and MBP. A direct
comparison of the morphological differences over a 30 day
period is shown in Figure 5.
The contribution of the surface chemistry of the top

coverslip was also investigated as it has been shown to have a
dramatic effect on cellular response and differentiation.30,31,45,46

To determine the most appropriate 3D conditions for
differentiation, the top glass coverslips were modified with
various surface chemistries that promote or repel cell adhesion
(Table 1).
Unmodified glass coverslips were used as a control. To

promote cell adhesion, the top coverslip was coated with a

DETA monolayer. This environment, in which cells were
attached to both top and bottom coverslips, produced initially
good differentiation because DETA is a cell adhesion- and cell
survival-promoting molecule. However, strong cell adhesion to
both the top and bottom coverslips eventually caused an
increased level of cell death, probably because of damage from
cell movement during feeding and evaluation.
For the inverse situation, the top coverslip was coated with

polyethylene glycol (PEG) or with a nonadhesive fluorinated
silane (13F) monolayer. The PEG coating is hydrophilic and
had a measured contact angle of 37 ± 2° but is a protein cell
resistant surface, while 13F is a hydrophobic surface and had a
measured contact angle of 88 ± 2°. XPS analysis confirmed the
presence of a monolayer for both surface modifications. The
PEG-coated top coverslips resulted in less differentiation, and
13F-coated coverslips triggered significant cell death. Thus, it
was determined that the glass coverslip controls were the most
suitable top surfaces, as the cells did not adhere well to the glass
and remained on the bottom DETA-coated coverslips after the
top had been removed for analysis.

MLPCs Express Functional ARs in the 3D System. To
investigate the role of adrenergic signaling mechanisms in
differentiation of oligodendrocyte from the MLPCs, immuno-
cytochemical analysis was performed for expression of α- and β-
ARs. The findings indicated that MLPCs already expressed β1-
ARs on the cell surface before differentiation (Figure 6A). No
expression of β2-ARs before or during differentiation was
detected. Expression of α1-ARs was first observed at the
nucleus, and the intensity of staining significantly increased
after treatment with preinduction medium supplemented with
bFGF, EGF, and PDGF-AA (Figure 6B). Further analysis
revealed that bFGF alone was able to increase the level of
nuclear expression of α1-ARs (Figure 6C) in a time- and dose-

Figure 4. MLPCs differentiate into committed oligodendrocytes in a
3D environment. (A) Immunocytochemical analysis of differentiating
MLPCs in a 3D environment. The untreated MLPCs indicated
negative staining for A2B5, faint staining for O4, and negative staining
for O1 galactocerebroside and MBP. After differentiation for 30 days,
cells exhibited intensely positive staining for A2B5 and O4. Cells also
expressed O1 galactocerebroside and MBP, characteristic of
committed oligodendrocytes. Scale bars are 100 μm (20× and 40×
magnification). (B) Coexpression of O4 and galactocerebroside (GC)
in the differentiated cells. After differentiation for 30 days, GC was
expressed in O4 positive cells. Scale bars are 100 μm (row 1, 20×
magnification; row 2, 40× magnification). (C) Progression of
differentiation in a 3D environment. After differentiation for 20
days, 81.8% of cells expressed oligodendroglial marker A2B5 and
80.6% O4 and were negative for O1 and MBP. After differentiation for
30 days, 57.7% of cells stained positively for A2B5, 79.6% for O4,
42.1% for committed oligodendrocyte marker O1, and 15.2% for
MBP. Error bars represent the SD.

Figure 5. Morphological comparison of differentiating cells in 3D and
2D environments. Differentiating MLPCs exhibit different morphol-
ogies in 3D and 2D environments over time. Cells displayed the
formation of extensive processes at day 15 in both 2D and 3D
environments. However, process development and branching were
visible at day 30 in only the 3D environment. Differentiating cells lost
their multipolar morphology and became bipolar or spindle-shaped
with decreased viability by day 30 in the 2D environment.

Table 1. Percentages of Cells Developing Processes in
Response to Top Coverslip Modification and Contact
Angles for Each Surfacea

top coverslip modification

development of
processes (%) DETA PEG 13F

unmodified
glass

day 20 66.9 ± 2.8 53.2 ± 1.3 38.1 ± 3.1 77.6 ± 2.2
day 30 69.2 ± 10.4 55.5 ± 8.2 b 85.0 ± 2.1
contact angle 46 ± 2° 37 ± 2° 88 ± 2° <5°

aData are means ± SD for three coverslips after differentiation for 20
and 30 days. bNo surviving cells were observed on day 30.
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dependent manner (results not shown). On day 15, the α1-ARs
began to relocate to the cell surface. On day 30, differentiated
cells expressed α1-ARs at the surface of cell bodies and to a
lesser degree in the processes (Figure 6B). This surface
expression was observed only in cells with a multiprocess
morphology, whereas in cells exhibiting a flat morphology, or
undifferentiated cells, the α1-ARs remained at the nucleus.
These results are consistent with recent findings demonstrating
nuclear localization of α1-ARs, in which a signal is transduced
from the nucleus to the plasma membrane, providing a new
model for α1-AR signaling.47,48 In this previously published
model, activation of nuclear α1-ARs resulted in localization of
activated ERK at the plasma membrane. In our studies, the
same initial expression patterns were noted in both the 2D and
3D systems, but the cells began to lose viability past day 20
under the 2D conditions.
Activation of Both α- and β-AR Is Essential for

Differentiation in the 3D System. To assess the role of
each adrenergic receptor in the differentiation process, NE was
substituted in the differentiation medium with equimolar
concentrations of the β-AR agonist isoproterenol, the α1-AR
agonist phenylephrine, or both agonists. Daily treatment with
isoproterenol induced morphological changes, cell body
contraction, and formation of processes within the first 15
days. However, approximately 60% of the cells displayed a
bipolar morphology resembling that of immature oligoden-
drocyte progenitors. Cells did not change their bipolar
morphology within 30 days of differentiation (Figure 7C)
and exhibited enhanced cell death. To characterize these cells,

immunocytochemical analysis on day 30 was done. We
observed that 57.9 ± 4.9% of the cells expressed A2B5 and
42.5 ± 2.7% O4; however, the cells were O1 and MBP negative
(Figure 7G). These results demonstrated that stimulation of β-
AR with isoproterenol induced the initial stages of differ-
entiation. However, β-AR treatment alone was not sufficient to
direct the MLPCs into a more mature stage of differentiation.
Daily treatment of the MLPCs with the α1-AR agonist

phenylephrine initially resulted in only modest effects. Good
survival was observed, but the majority of cells maintained a flat
morphology. Within 15 days of differentiation, approximately
40% of the cells began to develop processes; however, on day
30, only 15% of the cells exhibited a more mature morphology
with developed processes. The majority of cells showed only
partial process development and branching or maintained a flat
morphology (Figure 7D). Immunocytochemical analysis on day
30 revealed that 40.5 ± 3.4% of cells stained positively for
A2B5, 39.8 ± 2.8% for O4, and 15.2 ± 1.5% for O1 (Figure
7G). The results suggested that activation of α1-AR could play
a role in more advanced stages of differentiation in which cells
start to lose expression of A2B5 and begin to express O1.
Daily treatments of cells with both isoproterenol and

phenylephrine resulted in formation of multiple processes,
and the treated cells became morphologically similar to those
treated with NE (Figure 7A,B). On day 30, 48.7 ± 4.9% of the
cells stained positively for A2B5, 50.2 ± 1.1% for O4, 28.9 ±
5.2% for O1, and 9.7 ± 0.7% for MBP (Figure 7F,G). The
results indicate that stimulation of both the α1- and β-ARs is
required for optimal differentiation. This suggests a close
interplay between both ARs, ultimately resulting in the
expression of genes essential for oligodendrocyte development.
Human umbilical cord stem cells are a highly promising

source of cells for tissue regeneration.49 Compared to adult
stem cells obtained from bone marrow, these cells are immature
and elicit a low incidence of graft rejection, graft-versus-host
disease, and low post-transplant infections.49 Besides this
biological advantage, these stem cells are abundantly available
and routinely harvested without risk to the donor.50 Compared
to embryonic stem cells obtained from human embryos, human
umbilical cord stem cells not only are more easily obtained but
also may be more suitable for cellular therapeutics. Embryonic
stem cells have been associated with reports of the uncontrol-
lable development of teratomas in a syngeneic transplantation
model, imprinting-related developmental abnormalities, and
ethical issues. Human umbilical cord stem cells, readily available
and differentiated by environmental signals, offer some
potential therapeutic advantages.
This study has indicated that MLPCs display extreme

sensitivity to their environment. Their fate depends not only
on soluble factors but also on the surrounding physical cues.
The combination of these external signals altered the cell
morphology and fate decision to differentiate along the
oligodendrocyte lineage. Electron microscopy studies have
provided evidence of a noradrenergic control of the
oligodendroglial and astroglial cells throughout the cortex.18

Oligodendrocytes were the major target of the noradrenergic
fibers, exhibiting a light thickening at the sites of contact. It was
reported that oligodendrocytes expressed α1 and β-ARs and
their activation by NE-accelerated differentiation of the
oligodendrocyte precursors.19,20,22 In spite of this, there are
no known studies using NE as a key factor to induce
differentiation of stem cells into oligodendrocytes. To explore
this possibility, MLPCs were analyzed for expression of ARs

Figure 6. Expression of α1- and β1-ARs. (A) Positive staining for β1-
ARs in undifferentiated cells, cells preinduced for 24 h with bFGF,
EGF, and PDGF-AA, and cells after differentiation for 30 days. The
scale bar is 100 μm. (B) Nuclear expression of α1-ARs in
undifferentiated cells, intensive nuclear staining in cells preinduced
for 24 h with bFGF, EGF, and PDGF-AA, and surface expression after
differentiation for 30 days. (C) Nuclear expression of α1-ARs in
undifferentiated cells and evidence of a significant increase in staining
intensity after treatment with bFGF alone for 24 h. Scale bars are 100
μm (40× magnification).
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and found that the undifferentiated cells expressed both α1-ARs
and β1-ARs. The β1-ARs were localized on the surface before
and during differentiation. Surprisingly, typical surface ex-
pression of the α1-ARs was not observed; instead, the α1-ARs
were localized at the nucleus. The intensity of nuclear staining
significantly increased after treatment with bFGF. However, as
the cells exhibited a more differentiated phenotype after
differentiation for 15 days, relocation of α1-ARs to the surface
was observed. Nuclear localization of α1-ARs is consistent with
a recently proposed model for α1-AR signaling in cardiac
myocytes. In this new model, activation of α1-AR signaling was
initiated at the nuclear membrane and resulted in localization of
activated ERK in calveolae at the plasma membrane.47,48

Differentiation was initiated by the transfer of MLPCs into
the differentiation medium in a 2D environment. The
differentiation medium contained NE along with forskolin,
K252a, heparin, PDGF-AA, bFGF, and EGF. Within 8 days,
process formation was observed and immunocytochemical
analysis indicated a positive reactivity to A2B5 and O4 primary
antibodies. In spite of this, cells did not progress further along
the oligodendrocyte lineage. After 2 weeks, cells exhibited a
bipolar and spindlelike morphology and remained A2B5 and
O4 positive but O1 negative, and a prolonged differentiation
time significantly increased the level of cell death.
A 3D microenvironment was constructed to combine

chemical and physical cues and further influence a lineage
commitment. The MLPCs responded to the 3D environment
initially by cell flattening and later, within 2 weeks, formation of
processes. At 30 days, 42.1 ± 2.7% of cells expressed the O1

antigen, indicating terminally differentiated oligodendrocytes,
and 15.2 ± 0.5% of the cells expressed MBP with an increased
level of cell survival. The differentiated cells survived for more
than 40 days in culture. It has been demonstrated that
stimulation of β-ARs induces differentiation through an
increase in the intracellular level of cAMP and through the
activation of proteins known to be involved in cell cycle
arrest.19 There are also studies revealing roles of p38MAPK and
Erk1/2 in differentiation of oligodendrocyte progenitors.51

Both ARs can activate p38MAPK, while Erk1/2 is a
downstream target of α1-AR. It was shown in these studies
that p38MAPK activity was required for the progression of
bipolar early progenitors (A2B5 positive and O4 negative) to
multipolar late progenitors (O4 positive and O1 negative), and
Erk1/2 activity was essential for the progression of late
progenitors to oligodendrocytes.52

Our results indicated that the majority of cells treated with
the β-AR agonist isoproterenol remained bipolar even after
differentiation for 30 days. Immunocytochemical analysis
indicated differentiation arrest at the stage where A2B5 positive
cells begin to express O4, perhaps because of insufficient
activation of Erk1/2 signaling. In contrast, cells treated with the
α1-AR agonist phenylephrine showed a higher level of survival,
and after differentiation for 30 days, 15.2 ± 1.5% of cells had
progressed to the O1 positive stage, possibly because of an
increased level of stimulation of the Erk1/2 signaling pathway.
However, simultaneous activation of both receptors by NE, or
by both agonists, was the best strategy, possibly by supplying

Figure 7. Influence of ARs on differentiation of MLPC into oligodendrocytes. (A) Phase contrast images of cells after differentiation for 30 days, in
the presence of NE, that exhibited a complex multipolar morphology. (B) Cells differentiated for 30 days in the medium in which NE was
substituted with the β-AR agonist isoproterenol and the α1-AR agonist phenylephrine. Cells were morphologically comparable to cells treated with
NE. (C) Cells differentiated in the presence of the β-AR agonist isoproterenol frequently displayed a bipolar morphology, resembling immature
oligodendrocyte progenitors. (D) Substitution of NE with the α1-AR agonist phenylephrine resulted in a mature morphology in 10% of cells. The
remainder of the cells showed only partial process development or remained flat. (E) Cells differentiated for 30 days without activation of ARs by NE
or AR agonists continued to exhibit a mostly flat morphology. (F) Stimulation of both α1- and β1-ARs is required for optimal differentiation.
Immunocytochemical analysis of cells differentiated for 30 days in the presence of the β-AR agonist isoproterenol and the α1-AR agonist
phenylephrine. Cells stained positively for A2B5, O4, O1, and MBP. Scale bars are 100 μm. (G) Comparison of differentiation levels achieved by
activation of both ARs by NE, by both AR agonists (Iso+Phen), by β-AR by isoproterenol (Iso), and by α1-AR agonist phenylephrine (Phen). Error
bars represent the SD.
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the optimal cAMP levels and stimulating essential signaling
pathways engaged in the close interplay during differentiation.
This study demonstrates the significance of the cellular

microenvironment as a driving aspect in human stem cell
differentiation. A 3D environment was constructed, and novel
signaling pathways were utilized to induce differentiation of
MLPCs; neither condition alone produced functional differ-
entiation. The mechanical cues in combination with soluble
factors influenced the progression of MLPCs along the
oligodendrocyte lineage. Future studies will improve our
understanding of the role of the microenvironment and
noradrenergic signaling in oligodendrocyte differentiation and
will determine the applicability of cells in studying and treating
conditions such as MS, neuropathies, and traumatic brain
injury. However, it is reasonable to assume that this
methodology would be directly applicable to SOX1 positive
cells of neuroepithelial origin and possibly other stem cells.

■ METHODS
Modification of Surfaces. Glass coverslips were cleaned using an

HCl/methanol mixture (1:1), soaked in concentrated H2SO4 for 30
min, and then rinsed in doubly deionized H2O. Coverslips were then
boiled in deionized water, rinsed with acetone, and dried in an oven.
The trimethoxysilylpropyldiethylenetriamine (DETA, United Chem-
ical Technologies), tridecafluoro-1,1,2,2-tetrahydroctyl-1-trichlorosi-
lane (13F, Gelest), and polyethylene glycol (PEG, Sigma Chemical
Co., St. Louis, MO) monolayers were formed by the reaction of the
cleaned surfaces with a 0.1% (v/v) mixture of the organosilane in
toluene (Fisher T2904). The DETA coverslips were heated to just
below the boiling point of toluene for 30 min, rinsed with toluene,
reheated to just below the boiling temperature, and then dried in an
oven. Surfaces were characterized by contact angle and X-ray
photoelectron spectroscopy methods as described previously.46

Cell Culture. MLPCs, human umbilical cord blood-derived clonal
cell lines, passage 5, were purchased from BioE Inc. (St. Paul, MN).
The company describes the cells as CD34, CD45, SSEA-3, SSEA-4,
STRO-1, SCF, CD9, and CD133 positive early in culture. They also
indicate that they are a unique phenotype because they are CD34 and
CD45 positive and differ morphologically from mesenchymal and
hematopoietic stem cells. They have a normal and stable karyotype;
they are capable of differentiating into all three embryonic layers, and
they have been cloned from a single cell. The cells were cultured in
tissue culture-treated T-75 flasks and maintained in high-glucose
Dulbecco’s modified Eagle's medium (DMEM, Gibco BRL, Rockville,
MD) with the addition of 15% fetal bovine serum (Stem Cell
Technologies, Vancouver, BC), and 1% Antibiotic Antimycotic (Gibco
BRL) at 37 °C in a humidified atmosphere containing 5% CO2. The
medium was changed every 3−4 days. Cells were passaged by
trypsinization (0.05% trypsin/EDTA solution; Gibco BRL) upon
reaching 60% confluence and replated at a 1:3 ratio. Passage 8 was
used for the experiments unless otherwise indicated.
Induction of Oligodendrocyte Differentiation. The MLPCs

were seeded on DETA-coated glass coverslips (18 mm) at a density of
4 × 103 cells/cm2 in growth medium. After 3 days, at 60% confluency,
cells were incubated for 24 h in preinduction medium, which consisted
of DMEM, 15% FBS, FGF-2, EGF (10 ng/mL each; R&D Systems,
Minneapolis, MN), and PDGF-AA (10 ng/mL; Chemicon Interna-
tional, Temecula, CA). To initiate differentiation, the preinduction
medium was removed, and the cells were washed twice with Hanks’
balanced salt solution (Gibco BRL) and transferred to serum-free
differentiation medium. Differentiation medium consisted of DMEM,
N2 supplement (1%; Gibco BRL), 10 μM forskolin, 5 units/mL
heparin (Sigma Chemical Co.), 5 nM K252a, FGF-2, EGF, PDGF-AA
(10 ng/mL each), and 20 μM NE (Sigma Chemical Co.). The
differentiation medium was changed every other day, while NE was
added daily. For agonist experiments, norepinephrine was substituted
with either the α1-adrenoceptor agonist isoproterenol or the β-
receptor agonist isoproterenol (20 μM each; Sigma Chemical Co.).

Construction of the 3D Environment. MLPCs were plated on
DETA-coated glass coverslips (18 mm) in growth medium. At 60%
confluence, growth medium was replaced with preinduction medium.
After the medium had been replaced, another set of coverslips was
placed atop the cells. Prior to the placement, top coverslips were
sterilized with ethanol and washed with preinduction medium. After
24 h, preinduction medium was removed, and the cells were washed
twice with Hanks’ balanced saltssolution and transferred to serum-free
differentiation medium. The differentiation medium was changed
every other day, and NE was added daily.

Morphological Analysis. Phase contrast images were taken with
a commercial Nikon Coolpix 990 camera using the Zeiss Axiovert
S100 microscope. Pictures were analyzed using Scion Image (Scion
Corp., Frederick, MD).

Immunocytochemistry. To characterize cells by immunocyto-
chemistry, the top coverslips, if present, were first carefully removed.
Cells were then briefly washed with Hanks’ balanced salt solution and
fixed in 4% paraformaldehyde for 18 min. Fixed cells were stored in
PBS, permaebilized with 0.5% Triton X-100 in PBS for 7 min, blocked
with 5% donkey serum for 1 h, and then incubated with the primary
antibody overnight at 4 °C. Primary antibodies were mouse
monoclonal A2B5 (MAB312, 1:250), O4 (MAB345, 1:100), O1
(MAB344, 1:200), MBP (1:25), and rabbit polyclonal anti-
galactocerebroside (AB142, 1:200) (all from Chemicon International);
mouse monoclonal β2-AR (sc-81577, 1:200) and rabbit polyclonal β1-
AR (sc-567, 1:250) (from Santa Cruz Biotechnology); and α1-AR
(ab3462, 1:1000; Abcam Inc., Cambridge, MA). After being washed
with PBS, cells were incubated with an Alexa Fluor 488-conjugated
anti-mouse IgG or Alexa Fluor 488-conjugated anti-rabbit IgG for 2 h
at room temperature. After being washed with PBS, the coverslips
were mounted with Vectashield mounting medium (H1000, Vector
Laboratories, Burlingame, CA) onto slides. For visualization of cellular
nuclei, the specimens were counterstained with DAPI. Immunor-
eactivity was observed and analyzed by using an Ultra VIEWLCI
confocal imaging system (Perkin-Elmer).

Quantification. Morphological and immunocytochemical quanti-
fication was performed on undifferentiated stem cells or cells during
various differentiation stages. For each coverslip, at least 10 pictures
were taken from randomly chosen views under 20× magnification. All
the marker positive cells were counted, as well as the total number of
cells in these views. At least three coverslips in each group were
quantified, and data were expressed as the average ± standard
deviation (SD). Statistical differences between different experimental
groups were analyzed via the one-way ANOVA (analysis of variance)
test and an independent Student’s t test.
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■ ABBREVIATIONS
ARs, adrenergic receptors; bFGF, basis fibroblast growth factor;
cAMP, cyclic adenosine monophosphate; CNS, central nervous
system; DETA, trimethoxy-silylpropyl-diethylenetriamine;
EGF, epidermal growth factor; Erk, extracellular signal-
regulated kinase; hESC, human embryonic stem cells; MBP,
myelin basic protein; MLPCs, multipotent progenitor cells;
MS, multiple sclerosis; NE, norepinephrine; PDGF, platelet-
derived growth factor; PDGFR, platelet-derived growth factor
receptor; PEG, polyethylene glycol; p38MAPK, p38 mitogen-
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activated protein kinase; SD, standard deviation; SOX1, SRY-
related HMG box1; 2D, two-dimensional; 3D, three-dimen-
sional; 13F, fluorinated silane.
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