
Biology of Stem Cells in Human Umbilical Cord Stroma: In Situ
and In Vitro Surveys

SERCIN KARAHUSEYINOGLU,a OZGUR CINAR,b EMINE KILIC,c FADIL KARA,d GUVEM GUMUS AKAY,e
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ABSTRACT

Cells in the umbilical cord stroma have gained attention in
recent years; however, differentiation to certain lineages in
humans has been demonstrated in few studies. Unlike bone
marrow MSCs, human umbilical cord stroma cells (HUC-
SCs) are far from being well characterized. This study at-
tempts to describe proliferation, structural, and differenti-
ation properties of these cells to account for their
exceptional nature in many aspects. Cellular dynamics, cel-
lular structure, and the degree of transformations during
expansion and differentiation into mesenchymal and neuro-
nal lineages were examined in vitro over a 10-month period.
Comparisons with human bone marrow MSCs regarding
differentiation were performed. HUCSCs in culture re-
vealed two distinct cell populations, type 1 and type 2 cells,
that possessed differential vimentin and cytokeratin fila-
ments. Corresponding cells were encountered in cord sec-
tions displaying region-specific localization. �-Smooth mus-

cle actin and desmin filaments, which were evident in cord
sections, diminished through passages. No difference was
noted regarding type 1 and type 2 cells in differentiation to
chondrogenic, adipogenic, and osteogenic lineages, whereas
a preferential differentiation was noted in neuronal lineage.
Relative success was achieved by production of chondrocytic
spheres and osteogenic monolayers, whereas adipocytes
were immature compared with bone marrow MSCs. The
presence of neuronal markers suggests that they transform
into a certain state of maturity under neurogenic induction.
Conclusively, HUCSCs retain their original phenotype in
culture without spontaneous differentiation, have a limited
lifespan, and bear multipotent stem cell characteristics.
Given these characteristics, they may be generally consid-
ered progenitor cells if manipulated under appropriate con-
ditions and deserve further study to be potentially used in
cell-based therapies. STEM CELLS 2007;25:319–331

INTRODUCTION

Studies carried out over the past two decades have made
possible a more exact definition of stem cells, in which they
are capable of self-renewal, can differentiate into multiple
lineages, and will function in vivo [1]. Much of the knowl-
edge concerning adult stem cells comes from the numerous
studies of hematopoietic stem cells of bone marrow. Frieden-
stein et al. [2] first demonstrated that the cells from the
nonhematopoietic compartment of bone marrow could also
differentiate into a broad spectrum of lineages. In later stud-
ies, the presence of MSCs, also called mesenchymal progen-
itor cells, is demonstrated not only in bone marrow but also
in the stroma of some tissues and organs, such as peripheral
blood [3], cord blood [4], trabecular bone [5], adipose tissue
[6], and synovium [7]. Nevertheless, the diversity of MSCs
and the lack of definitive markers do not simply allow the
characterization and identification of these cells in compar-
ison with the hematopoietic ones.

A less examined source for MSCs is the stroma of umbilical
cord, also called Wharton’s jelly. Originating from extraembry-
onic mesoderm at day 13 of embryonic development [8], um-
bilical cord is composed of two arteries and one vein, all of
which are surrounded by a unique connective tissue stroma rich
in proteoglycans and mucopolysaccharides [9]. Takechi et al.
[10] demonstrated that these stromal cells embedded in the
collagen-rich matrix are myofibroblasts rather than typical fi-
broblasts. Furthermore, these myofibroblasts were reported to
exhibit differential localization within the cord stroma associ-
ated with differential expression of cytoskeletal filaments [11].
The immature cells retaining the ability to proliferate were
reported to locate close to the amniotic surface, whereas highly
differentiated fibroblasts, namely perivascular cells (PVCs),
were found in closer proximity to the umbilical vessels [12].

In recent studies, cord stromal cells were reported to encom-
pass mesenchymal stem cell character [13–16]. Wang et al. [13]
induced the differentiation of umbilical cord stromal cells into
mesenchymal cell lineages, such as cardiomyogenic, chondro-
genic, osteogenic, and adipogenic types. Sarugaser et al. [14]
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showed the isolation, culturing, and differentiation behavior of
human perivascular umbilical cells and obtained osteogenic
nodules. Fu et al. [15] and Weiss et al. [16] demonstrated the
differentiation capacity of human umbilical cord mesenchymal
stem cells into dopaminergic neurons. Most recently, Carlin et
al. [17] demonstrated some of embryonic stem cell markers,
such as Oct-4, Sox-2, and Nanog, for the first time in porcine
umbilical cord matrix cells.

For Wharton’s jelly cells to be considered an alternative and
potential source of stem cells for clinical use, a greater effort
must be made in the study of these cells to determine whether
they can serve as a prospective reserve of stem cells for use in
cell-based therapies. No demonstration of the ability of human
umbilical cord stromal cells (HUCSCs) to differentiate into
various lineages has been documented so far with respect to
characterization of proliferation, structural, and behavioral char-
acteristics during in vitro expansion, nor has there been a com-
parison with the well-documented characteristics of human bone
marrow stromal cells.

This study was designed so as to first characterize cells
throughout the period of expansion, a relatively long period
covering 50–60 rounds of cell division cycles. The data ob-
tained from the above experiments helped in the determination
of in situ correlations of cultured cells and furthermore facili-
tated the determination of the most optimum point to induce
differentiation of HUCSCs into different lineages. This study
accomplished the following objectives: (a) documentation of the
phenotypic and structural identification of HUCSCs in culture
conditions with in situ correlations; (b) characterization of the
proliferation of HUCSCs, which make up a heterogeneous cell
population having various degrees of stem cell potency; (c)
documentation of HUCSC differentiation into a series of meso-
dermal lineages, such as adipogenic, osteogenic, and chondro-
genic cells, as well as into a neuronal precursor; (d) comparison
of HUCSCs with bone marrow MSCs, which appear to have
lower potency in forming chondrogenic cells but seem to be
more successful in forming adipogenic cells.

MATERIALS AND METHODS

Isolation and Expansion of HUCSCs
Ethical approval was obtained from Institutional Ethical Review
Board (approval number 69-1780, 2005). Umbilical cords were
obtained from consenting patients delivering full-term infants by
Caesarian section (n � 14) (mean age, 28.3), who faced no com-
plications throughout pregnancy. Fifteen-centimeter-long cords
were immersed in sterile Hanks’ balanced salt solution supple-
mented with penicillin (200 units/ml), streptomycin (200 �g/ml),
and amphotericin-B (5 �g/ml) and immediately transferred to the
laboratory. All chemicals and reagents used in this study were
purchased from Sigma-Aldrich (St. Louis, http://www.
sigmaaldrich.com) unless stated otherwise. A small block of trans-
versely sectioned cord tissue was fixed in 4% (wt/vol) paraformal-
dehyde for 24 hours, immersed in 1.2 M sucrose solution as a
cryoprotectant, and finally frozen at �60°C for cryosectioning
(10-�m thick). The remaining cord was handled under sterile con-
ditions from this point forward. Arteries and vein were removed by
blunt dissection, and the remaining tissue was chopped with scissors
and scalpels. Tissue pieces were placed in a Dulbecco’s modified
Eagle’s medium (DMEM)-Ham’s F-12 (1:1 vol/vol) culture me-
dium supplemented with 10% (vol/vol) fetal bovine serum (FBS)
(Biochrom AG, Berlin, http://www.biochrom.de), collagenase type
B (1 �g/ml) (La Roche Ltd., Basel, Switzerland, http://www.roche.
com), penicillin (100 units/ml), streptomycin (100 �g/ml), and
amphotericin-B (2.5 �g/ml) and digested at 37°C in a gentle orbital
shaker until a tissue homogenate was obtained in approximately 4
hours. The homogenate was centrifuged at 500g for 20 minutes. The

cell pellet was resuspended in the culture medium, and viable cells
were counted using a trypan blue dye exclusion assay performed
with the Vi-Cell cell analyzer system (Beckman Coulter, Fullerton,
CA, http://www.beckmancoulter.com). The total number of viable
cells obtained from a 15-cm-long cord was calculated as 4 � 105,
and these were seeded to a single 75-cm2 tissue culture flask
(Greiner Bio-One, Frickenhausen, Germany, http://www.gbo.com/
en) at a density of 5.3 � 103 cells per square centimeter.

Plated cells were monitored during the first expansion period
(passage 0, P0) for several days before the first passage (P1). Cell
plating density was set at 6 � 103 cells per square centimeter in the
first passage (P1). Cell growth was analyzed by direct cell counts to
determine the lag, log, and plateau phases and population doubling
time (PDT). Upon reaching 100% confluence, cells in every 75-cm2

flask were detached using 0.05% trypsin/0.02% EDTA in phos-
phate-buffered saline (PBS) (Biochrom AG). Flow cytometric anal-
ysis for certain MSC markers, such as CD105, CD44, and CD73, all
conjugated with either fluorescein isothiocyanate (FITC) or phyco-
erythrin (PE), was used. Hematopoietic cells were excluded by
sorting for CD45, CD34, and CD14 conjugated with PE. FITC-
conjugated HLA-DR was also applied (all obtained from Becton,
Dickinson and Company, Franklin Lakes, NJ, http://www.bd.com).

To determine the mitotic frequency in cultured HUCSCs, the
mitotic cell index was calculated in the middle of log phase. The
fraction of mitotic cells relative to the total number of cells scored
was taken as the mitotic cell index. Cells grown on glass coverslips
were fixed and extracted in a fixation/extraction buffer containing
2% (vol/vol) formaldehyde, 0.5% (vol/vol) Triton X-100, 1 mM
paclitaxel, 10 U/ml aprotinin, and 50% (vol/vol) deuterium oxide
for 20 minutes at 37°C as reported elsewhere [18] and were subse-
quently stained with the fluorescent DNA dye Hoechst 33258
(details described below). Approximately 1,000 cells were counted
on each coverslip. Prophase through telophase figures were counted
in captured fluorescent images under a Carl Zeiss Axioimager M
microscope (Jena, Germany, http://www.zeiss.com) using Axiovi-
sion automated cell imaging software, version 4.3. The remaining
coverslips were kept at 4°C in 0.02% (wt/vol) sodium azide con-
taining PBS until they were processed for further imaging.

To test whether cultured cells display tumorigenic transforma-
tion throughout a relatively long period of time, their anchorage
dependence, loss of contact inhibition, and serum requirement were
assessed. Anchorage dependence was tested by culturing two
groups of P7 cells initially plated onto culture dishes. One group of
plates was subjected to continuous shaking (20 rpm in an orbital
shaker at 37°C in a 5% CO2 environment), whereas the cells in the
other group were left for attachment. Both groups were monitored
for 48 hours. Harvested cells were counted to determine the growth
rate under these two different conditions.

Loss of contact inhibition and limitation of growth rate were
assessed by microscopic observations and time-lapse recording of
growth phase. Tested cells were never allowed to remain at conflu-
ence for extended periods.

For the assessment of the optimum concentration of serum
supplementation on the growth rate of HUCSCs, a gradual decrease
(20%, 10%, 5%, and 0%) in serum concentration in the culture
media was used (n � 6; samples from different individuals used at
given passages; P4 and P7).

Freezing and Thawing
The effect of freezing and thawing on cell viability was tested using
three groups of viable cells at P4, P5, and P7. Cells were detached
and resuspended in a medium composed of DMEM/Ham’s F-12
medium supplemented with 10% (vol/vol) FBS and 10% (vol/vol)
dimethyl sulfoxide (DMSO). The cell suspension was taken into
cryotubes (Greiner Bio-One) during the freezing process. The cryo-
tubes were placed in a Mr. Frosty freezing container (Nalgene
Labware, Rochester, NY, http://www.nalgenunc.com), stored at
�80°C overnight, and then transferred to �196°C liquid nitrogen.
Two weeks later, cells were thawed in a 37°C water bath and
immediately counted using a Vi-Cell (Becton Dickinson) cell ana-
lyzer system. Exactly the same number of cells (5.8 � 105) were
reseeded onto 21-cm2 tissue culture dishes in DMEM/Ham’s F-12
medium supplemented with 10%, 15%, or 20% (vol/vol) FBS,
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detached, and counted to monitor the growth rate on the 6th and
10th days after thawing.

Isolation of MSCs of Human Bone Marrow Stroma
Human bone marrow stromal cells were obtained from healthy
donors who applied to the hospital for bone marrow transplantation
procedures. Bone marrow aspirates (1–3 ml) sent for routine anal-
ysis before transplantation were used in this study. The bone mar-
row aspirate samples were diluted in an equal volume of PBS, and
mononuclear cells were isolated from the marrow by density cen-
trifugation using Ficoll (density, 1.077 g/l). The cells were then
washed twice with PBS and cultured in a medium consisting of
DMEM-low glucose (LG), 10% (vol/vol) FBS, L-glutamine (0.584
g/l), penicillin (100 units/ml), streptomycin (100 �g/ml), and am-
photericin-B (2.5 �g/ml) at 37°C in a 5% CO2 environment. Culture
medium was replaced twice a week. Upon reaching confluence in 2
weeks, cells were subcultured by detaching with 0.05% trypsin/
0.02% EDTA in PBS (Biochrom AG) and plated at 4 � 103 cells
per square centimeter for the following passage. Flow cytometric
analysis for certain MSC markers, namely CD105, CD44, CD90,
and CD106, conjugated by FITC, was used to characterize isolated
bone marrow MSCs, and all markers were found to be positive.
Hematopoietic cells were excluded by sorting for CD45, CD34,
CD14, CD33, and CD3 conjugated with PE.

Immunocytochemistry
For detection of the spatiotemporal distribution and quantification
of various proteins in cord cryosections and cultured HUCSCs
during expansion and differentiation, single and multi-immunoflu-
orescent labeling techniques were performed using a series of
antibodies raised against major cellular markers for different cell
types and nuclear proteins. Mouse monoclonal antibodies to vimen-
tin, pancytokeratin (types 1, 4, 5, 6, 8, 10, 13, 18, and 19) (clone
C-11�PCK-26�CY-90�KS-1A3�M20�A53-B/A2), desmin
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://www.scbt.
com), �-smooth muscle actin (ASMA), tetramethylrhodamine B
isothiocyanate (TRITC)-phalloidin (specific to F-actin; 35 �g/ml in
PBS for 60 minutes), and Hoechst 33258 (specific to A-T base pairs
in DNA; 1 �g/ml in 1:1 PBS/glycerol mounting medium) were
applied. Cy3-conjugated goat anti-mouse IgG (Jackson Immunore-
search Laboratories, West Grove, PA, http://www.jacksonimmuno.
com) and FITC-conjugated goat anti-mouse IgG (Jackson Immu-
noresearch Laboratories) served as secondary antibodies. Unless
otherwise indicated, all antibodies were diluted 1:100 in PBS and
incubated for 90 minutes at 37°C in a humidified chamber. Other
antibodies used to characterize the cells after in vitro differentiation
protocols are given below.

All immunofluorescent antibody labelings and dyes were ex-
amined using a Carl Zeiss LSM 510 Meta confocal laser scanning
microscope equipped with 488-nm argon ion, 543-nm green helium-
neon, and 633-nm red helium-neon laser lines. Three-dimensional
images were reconstructed by several consecutive optical sections
of various thicknesses (0.25–0.38 �m). Hoechst 33258-labeled
nuclei were used to count the cell number in cryosections.

Western Blotting
Total cell extract was removed from cultured HUCSCs using a
mixture of cell extraction buffer (Biosource, Camorillo, CA, http://
www.biosource.com), proteinase inhibitor cocktail, and 1 mM phe-
nylmethylsulfonyl fluoride. The protein concentration was deter-
mined by a detergent-compatible protein assay (Bio-Rad, Hercules,
CA, http://www.bio-rad.com). Thirty micrograms of protein were
loaded into each lane of a 12.5% SDS-polyacrylamide gel electro-
phoresis gel [19]. The proteins were electroblotted onto nitrocellu-
lose membrane (Bio-Rad) [20], washed with distilled water, and
then incubated in 5% (wt/vol) nonfat dry milk in Tris-buffered
saline (TBS) (100 mM Tris, 0.9% NaCl, pH: 7.5) containing 0.1%
Tween 20 (TBS-T) for 1 hour to reduce nonspecific binding. Mem-
branes were then incubated with anti-pancytokeratin antibody (de-
scribed above) for 2 hours at room temperature and washed three
times with TBS-T over a total period of 20 minutes. Blots were then
incubated in horseradish peroxidase-labeled goat anti-mouse IgG

(Bio-Rad) in TBS-T for 1 hour at room temperature followed by 12
washes with TBS-T over a total of 1 hour. A chemiluminescence-
detecting reagent (Amersham Biosciences, Piscataway, NJ, http://
www.amersham.com) was used to illuminate the blot, and 20- �
20-cm films (Amersham Biosciences) were used to show antibody-
bound bands. Immunoblot analyses were quantified using a laser
densitometer (Kodak, Rochester, NY, http://www.kodak.com).

Karyotyping and Telomerase Activity
Cells from P1, P3, P5, and P9 were assessed for karyotype analysis
from all samples (n � 14) as described elsewhere [21]. Telomerase
activity was measured by telomeric repeat amplification protocol
(TRAP) assay. Samples (n � 3) were transferred into 15-ml tubes
and centrifuged at 900 rpm, 4°C for 10 minutes. Pellets were
homogenized with 1 ml of PBS and transferred to sterile micro-
tubes. Telomerase activity was measured using TRAPeze kit (In-
terGen, Burlington, MA, http://www.intergen.com) according to the
manufacturer’s instructions. Then electrophoresis of polymerase
chain reaction (PCR) products in 12.5% polyacrylamide gel was
performed at 400 V for 90 minutes. SYBR Green (1/10,000) was
used for detection. UV images of all samples were digitized using
a Kodak Gel Logic 200 Imaging System to quantify the telomerase
activity. Signals on ladder bands corresponding to the TRAP prod-
uct from all samples were measured with Kodak1D software. Rel-
ative telomerase activity was calculated as the ratio of total product
generated to internal control for each sample within a lane.

Differentiation Procedures
HUCSCs and human bone marrow MSCs were subjected to certain
differentiation induction protocols to evaluate their stem cell po-
tency. For this purpose, a variety of protocols were applied to cells
between P3 and P7. Given their mesenchymal multipotency, they
were initially tested using mesenchymal stem cell differentiation
induction methods to activate chondrogenesis, adipogenesis, and
osteogenesis followed by the neuronal differentiation.

Chondrogenic Differentiation. Confluent HUCSCs and bone
marrow MSCs between P3 and P7 on 75-cm2 tissue culture flasks
were detached by 0.05% trypsin/0.02% EDTA in PBS (Biochrom
AG), and cell suspensions were divided equally into two tubes, both
centrifuged at 120g for 10 minutes. Following the removal of
trypsin/EDTA, culture media were gently added to tubes without
disturbing the cell pellets, which were then allowed to settle down
at 37°C in 5% CO2 in a humidified environment. Upon observing
the detachment of cell cluster in few days, both tubes were flipped
gently with a fingertip to acquire a single floating cell sphere in each
tube. In one tube, the medium was carefully replaced with culture
medium (control group), whereas the in other, it was replaced with
chondrogenic medium composed of 10 ng/ml TGF�3, 100 nM
dexamethasone, 50 �g/ml ascorbic acid, 1 mM sodium pyruvate,
6.25 �g/ml insulin, 6.25 �g/ml transferrin, 6.25 ng/ml selenous acid
(ITS-Premix;BDBiosciences,SanDiego,http://www.bdbiosciences.
com), 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml linoleic
acid in DMEM-high glucose [22]. Media were changed every 3–4
days, and then cell spheres were fixed on day 21 with 10% buffered-
formalin for 24 hours at room temperature. Cryosections (10 �m
thick) were stained with toluidine blue and Heidenhain’s azan, fast
and easy histochemical staining methods to demonstrate extracel-
lular matrix mucopolysaccharides and collagen fibers, respectively
[23]. Anti-type I and anti-type II collagen mouse monoclonal anti-
bodies (Lab Vision, Fremont, CA, http://www.labvision.com) di-
luted 1:50 in PBS were applied for 2 hours, followed by a 2-hour
incubation in FITC-conjugated IgG for immunofluorescent imag-
ing.

Adipogenic Differentiation. Subconfluent (90%) cells from P3 to
P7 of HUCSC cultures and bone marrow MSCs on glass coverslips
in six-well plates were treated with 1 �M dexamethasone, 500 �M
isobutylmethylxanthine, 60 �M indomethacine, 5 �g/ml insulin in
DMEM-LG with 10% FBS. Medium was replaced every 3 days for
a 6-week period [24]. On days 21 and 41, cells were fixed in 10%
buffered formalin for 10–20 minutes at room temperature and
stained with 10% (wt/vol) oil red O for 10 minutes [25]. Hematox-
ylin was used as nuclear counterstain. Since adipose tissue is a
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significant source of plasminogen activator inhibitor-1 (PAI-1) pro-
tein, with the bulk of production derived specifically from visceral
fat [26], we evaluated mRNA expression of PAI-1 production in our
adipogenically induced cells to confirm that they express adipose
tissue-specific proteins.

PAI-1 mRNA Quantification with Reverse Transcription-PCR As-
say. RNA extraction was performed after detachment of adipo-
genically induced cells using an RNA isolation kit (Promega, Mad-
ison, WI, http://www.promega.com). Briefly, cells were placed in
microcentrifuge tubes containing lysis buffer and then centrifuged
at 2000g for 5 minutes. To eliminate potential genomic DNA
contamination, RNA samples were treated with 15 U of DNaseI
(Promega) during reverse transcriptase reaction for 15 minutes.
Finally, total RNA was resuspended in 25 �l of RNase-free water
and was kept at �80°C until analysis. Quantities of RNA were
measured by using a NanoDrop ND-1000 spectrophotometer
(NanoDrop, Wilmington, DE, http://www.nanodrop.com). All pro-
cedures were performed according to the manufacturer’s instruc-
tions. Total RNA (1 �g) from cell cultures that was subjected to a
reverse-transcription reaction using a RNA PCR kit (PerkinElmer
Life and Analytical Sciences, Boston, http://www.perkinelmer.
com). Quantitative real-time PCR was performed in a Light Cycler
(Roche) system using the Plexor qPCR kit as recommended by the
manufacturer (Promega). In a total volume of 25 �l, each reaction
contained 12.5 �l of reaction mixture consisting Taq DNA-poly-
merase reaction buffer, deoxyribonucleotide triphosphate mixture,
Plexor stain, MgCl2, and Taq DNA polymerase. As a negative
control, 5–10 �M each primer and 5 �l of cDNA with nuclease-free
water were used. Primer sets were as follows: labeled probe, 5�-
FAM-ime-isod C/CCACCGTGCCACTCTCGTTCA-3�; primer,
5�-GGCTGACTTCACGAGTCTTTCAG-3�. Quantification of the
targets in the unknown samples was performed using a relative
quantification method with external standards. The target concen-
tration is expressed relative to the concentration of a reference of
adipose tissue samples.

Osteogenic Differentiation. Confluent bone marrow MSCs be-
tween P3 and P7 growing on glass coverslips in 24-well plates were
subjected to osteogenic medium composed of DMEM-LG with 10%
(vol/vol) FBS, 100 nM dexamethasone, 0.2 mM ascorbic acid, and
10 mM �-glycerophosphate [27]. Induced monolayers were fixed
with 4% (wt/vol) paraformaldehyde at the end of each week during
the following 4 weeks and were labeled with mouse monoclonal
anti-osteonectin (Alexis Biochemical, Lausen, Switzerland, http://
www.alexis-corp.com), rabbit polyclonal anti-osteopontin (Chemi-
con, Temecula, CA, http://www.chemicon.com), anti-bone sialo-
protein-2 (BSP-2) (Alexis), and anti-osteocalcin (Alexis) antibodies
diluted 1:50 in PBS. Cy3-conjugated IgGs were used as a secondary
antibody diluted 1:100 in PBS. For the visualization of calcium
deposits, fixed cultures were stained with Alizarin red S (pH 4.2)
[28] and von Kossa/safranin O [29] after being fixed in 10%
formalin for 10–20 minutes at room temperature.

Neuronal Differentiation. Both HUCSCs and bone marrow
MSCs on glass coverslips precoated with poly-L-lysine (1 �g/ml)
were grown to 50% confluence in DMEM/Ham’s F-12 medium
supplemented with 10% (vol/vol) FBS. Neuronal differentiation
was tested using a slightly modified protocol published by Wood-
bury et al. [30] as follows. In the preinduction period, cells were
cultured for 24 hours in DMEM-LG supplemented with 20% (vol/
vol) FBS, followed by the addition of 10 ng/ml basic fibroblast
growth factor (bFGF) in the next 24 hours. Induction was started on
the 3rd day and lasted 24 hours in a medium composed of 2%
(vol/vol) DMSO, 200 �M butylated hydroxyanisole (BHA), 25 mM
KCl, 10 �M forskolin, 5 �g/ml insulin, 20 mM valproic acid, and
1 �M hydrocortisone in DMEM-LG. Finally, cells were incubated
for an additional 24 hours in neurobasal medium (Gibco, Grand
Island, NY, http://www.invitrogen.com) supplemented with 10%
FBS, 10 ng/ml epidermal growth factor (EGF), 10 ng/ml bFGF, 1�
N2 supplement (Gibco), 1� B-27 supplement (Gibco), and 2 mM
L-glutamine for the maintenance of differentiation. After days 3 and
4, cells were either fixed in a fixation/extraction buffer (described
above) for microtubules and intermediate filaments or fixed in 4%
(wt/vol) paraformaldehyde for 20 minutes at room temperature for
the remaining neuronal markers. Differentiated cells were initially

stained with anti-tubulin antibody cocktail (1:1 anti-�- � anti-�-
tubulin). To assess neurological differentiation, cells were stained
with antibodies against neurofilament-160 (NF-M), nestin (Chemi-
con), neuron-specific enolase (NSE) (Neomarkers), �-III tubulin
(Chemicon), microtubule-associated protein-2 (MAP2) (Chemicon),
neuron-specific nuclear protein (Neu-N) (Chemicon), and glial
fibrillary acidic protein (GFAP). All antibodies otherwise stated
were diluted 1:100 in PBS and incubated for 90 minutes at 37°C in
a humidified chamber. Cy3 goat anti-mouse IgG and FITC goat
anti-mouse IgG (Jackson Immunoresearch Laboratories) served as
secondary antibodies, were diluted 1:100 in PBS, and were incu-
bated for 2 hours at 37°C in a humidified chamber.

RESULTS

Growth Characteristics of HUCSCs During
Expansion Period
Freshly isolated cells (P0) principally displayed a fibroblast-like
appearance over the first 3–4 days of culture (supplemental
online Fig. 1A). During the 2nd week, they typically appeared as
slender cells with a narrow cytoplasm and few lamellopodia
(supplemental online Fig. 1B). After 12–14 days, they grew to
100% confluence (supplemental online Fig. 1C). Accumulated
data obtained from 14 P0 cultures showed that the lag phase of
those cultures lasts around 6–7 days, leading to 6–8 days of log
phase (Fig. 1A), where PDT reaches 85 � 7.2 hours (Fig. 1B).
A total of 3.6 � 106 � 6 � 105 viable cells per sample were
obtained after P0, and the total number of cells expanded to
11.5 � 108 � 2.3 � 106 after the subsequent passages in 7
months (Fig. 1C). PDT in these passages declined from 85 � 7.2
hours at P0 to 11 � 1.2 hours at P7 (Fig. 1B), in agreement with
the decrease in duration of mitosis (M-phase of cell cycle) from
51 � 6.8 minutes (Fig. 1D) to 8 � 2.4 minutes because of a
mitotic index of 1% � 0.2%. Using flow cytometry, all analyzed
HUCSCs were labeled positively for CD105, CD73, and CD44
but negatively for CD45, CD34, CD14, and HLA-DR (supple-
mental online Fig. 2).

The noticeable reduction in PDT led us to test whether cells
have a tendency to transform into a tumorigenic character or not.
Anchorage dependence, loss of contact inhibition, and depriva-
tion of serum supplementation in culture media were tested.
Anchorage dependence was an absolute requirement for prolif-
eration, demonstrated by a 43% decrease in viable cell number
in nonanchored cells compared with a 27% increase in anchored
ones.

Contact inhibition was tested by microscopic observations
recorded in time-lapse movies. Even though a slight tendency to
grow beyond confluence was detected in some samples, espe-
cially in cells from P4 to P9, contact inhibition of growth was
consistently observed almost in all passages from all samples.

Since transformed cells show a serum dependence lower
than that of their normal counterparts [31], cell growth was
tested in media in which the serum concentration was decreased
from 20% to 0%. Serum deprivation, particularly in serum-free
samples (88% � 3.2% decrease) and in 5% FBS samples (12%
� 5.6% increase), did inhibit the cell growth (Fig. 1E), whereas
viable cell number increased by 3.4-fold � 0.3-fold in 10% FBS
and 6.4-fold � 0.5-fold in 20% FBS, which indicated that
HUCSCs are strictly serum-dependent. No significant difference
was noted between P3 and P7 samples in terms of serum depen-
dence.

Freezing and Thawing
A decrease (52% � 2.3%) in the number of surviving cells in
tested passages was noted upon revitalization of frozen cells.
The total number of viable cells was calculated to be 5.8 � 105
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� 1.2 � 105 per group. A rapid increase in cell count was
noticed in the following 6 days in three different concentrations
of FBS (Fig. 1F). The ratios of the number of total cells versus
viable cells were 5.62 � 0.60, 6.20 � 0.81, and 6.82 � 0.76 in
10%, 15%, and 20% FBS, respectively. Cell growth was mon-
itored up to 10 days, at which point, 20% and 15% FBS results
were almost similar, whereas the growth rate in 10% FBS-
treated cells was 19% � 8.2% lower than that of 15% and 20%
FBS-treated groups.

Karyotype and Telomerase Activity
For the evaluation of numerical and structural chromosomal
abnormalities of HUCSCs, samples from four passages (P1, P3,
P5, and P9) were GTG-banded. None of the samples were found
to be abnormal, indicating stable karyotypes between P1 and P9

(supplemental online Fig. 3A).
We observed elevated telomerase activity in HUCSCs at the

beginning, which declined by P2,3. High activation of telomer-
ase at P4 was downregulated and maintained at a level lower

than telomerase-positive HeLa cells by P5 and P6 (supplemental
online Fig. 3B).

Phenotypic and Structural Characteristics of HUCSCs
P1 cells initially resembled P0 cells and showed two distinct
morphologies in subsequent days. Some cells possessed wid-
ened filopodia, appearing as extremely flattened, stress fiber-
rich cells (Fig. 2A, 2B), whereas others were more fusiform in
shape, having long cytoplasmic extensions, resembling cells in
P0 subconfluent cultures (Fig. 2A, 2B). We designated these
morphological types as type 1 and type 2 cells, respectively.
Labeling of intracytoplasmic actin-decorated stress fibers by
TRITC-phalloidin clearly displayed the diverse morphology of
those two cell types (Fig. 2C) and then led us to characterize
them for the possible differential expression of intermediate
filament proteins. Cells were first stained with antibodies
against vimentin and pancytokeratin, which are mesenchymal
and ecto-/endodermal markers, respectively. Interestingly
enough, all cells expressed vimentin, whereas pancytokeratin
was restricted to type 1 cells (Figs. 2D, 2E, 3E, 3F; Table 1). In
addition, we found that there was a decline in the number of type
1 cells through subsequent passages, which coincided with the
diminishing expression of pancytokeratin as clearly demon-
strated by Western blot analysis between P3 and P8 (Fig. 2F;
Table 1). The occasional observation of multinucleated cells of
P2–P11 led us to consider that these cells arise from fusion of
type 1 or type 2 cells.

Since the origin of these cells was the umbilical cord stroma,
examination of the cells in their natural environment for those
intermediate filaments would be interesting to address whether
any differential expression of vimentin in comparison with
pancytokeratin coexists in situ. Vimentin was expressed in the
cells of both perivascular and intervascular stroma (Fig. 3A),
whereas pancytokeratin was markedly found in PVCs rather
than in the cells of the intervascular region, which we call
intervascular cells (IVCs) (Fig. 3B). As described above all
cultured HUCSCs expressed well-organized vimentin filaments
(Fig. 3E), whereas only type 1 cells exhibited pancytokeratin
filaments (Fig. 3F), which may correspond to PVCs of cord
stroma.

It was previously reported that desmin and ASMA are
among the major intracellular proteins found in a certain pop-
ulation of cells in the cord stroma [11]. Therefore, it would be
complementary to address whether there are expressional dif-
ferences between the cord stroma cells and the cultured HUC-
SCs in terms of desmin and ASMA filaments. In umbilical cord
sections, we found that desmin was expressed in cells from all
stromal regions (Fig. 3C). In contrast, ASMA was predomi-
nantly found in PVCs and in cells beneath the amniotic mem-
brane, whereas IVCs showed a relatively low amount of ASMA
(Fig. 3D). Interestingly, no desmin positivity was noted in
HUCSCs during expansion period throughout the entire cultures
(P1–P10) (Fig. 3G). Another interesting phenomenon was that
ASMA filaments consistently lacked central cytoplasmic stain-
ing in cells of early passages (P1–P3) (Fig. 3H), whereas later
passages were totally devoid of staining in the entire cytoplasm
(Fig. 3I).

All data above are summarized in Table 1. In addition to the
cytoskeletal expression of cord cells, three different groups of
cells (i.e., PVCs, IVCs, and subamniotic cells) making up the
cord stroma were counted to make an assumption regarding the
ratio of cells from a given cord sample. In a given cord section,
there were 4,311 � 25 PVCs, 8,953 � 58 IVCs, and 1,362 � 37
subamniotic cells. The ratios are given in Table 1.

Figure 1. Proliferation characteristics of human umbilical cord stromal
cells (HUCSCs) through passage 0 (P0) to P7. (A): The increase in cell
concentration (y-axis) through culture days (x-axis) in P0 cells showed
that lag phase took almost 7 days, followed by a 7-day log phase when
cells grew exponentially. (B): Duration of cumulative population dou-
bling time (PDT) in hours (y-axis) is shown through passages (x-axis).
Note the gradual decrease from 85 to 11 hours. (C): Total cell yield
during expansion shown per sample reached 11.5 � 108 in 7 months.
(D): Duration of mitosis (M-phase) in minutes is given. In concordance
with PDT, a gradual decrease was noted from 50 to 8 minutes through
seven passages. (E): Serum dependence of HUCSCs in a given passage
was tested using 20%, 10%, 5%, and 0% serum in culture media. SFM
and 5% fetal bovine serum (FBS) resulted in an 88% decrease and a
12% increase, respectively, in cell counts, whereas 3.4- and 6.4-fold
increases were noted with 10% and 20% FBS at a given passage (P7).
(F): Cell survival is given before freezing and at the indicated days after
thawing. A slight decrease in the number of viable cells was noted just
after thawing, followed by a gradual increase in the subsequent 10 days.
Concentration difference (10%, 15%, and 20%) of FBS supplementation
after thaw did not significantly alter the growth rate during the 1st week
of cultures (as described in Results). After day 6, a higher increase was
noted in the 15% and 20% FBS groups. Abbreviations: bf, before
freezing; SFM, serum-free media.
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Differentiation of HUCSCs to
Mesenchymal Lineages

Chondrogenic Differentiation. In the chondrogenically in-
duced groups, cells gathered, forming spherical, shiny-surfaced
cell masses of 1–2 mm in diameter within 3 weeks (Fig. 4A).
Noninduced samples formed nonshiny, smaller, bulky cell

masses (Fig. 4B). Toluidine blue-stained cryosections showed
irregular groups of cells embedded in a heterogeneous meta-
chromatic matrix surrounded by a thin capsule (Fig. 4C). Since
the metachromatic character of proteins in toluidine blue stain is
a fine indicator of mucopolysaccharides, these regions were
considered the accumulation of extracellular matrix composed
of mucopolysaccharides, the dominant molecule in chondro-

Figure 2. Structural features of different cell
types in human umbilical cord stromal cell
cultures. (A, B): Two distinct cell phenotypes
were observed, particularly in early passages
(P1–P3). Flat, wide cytoplasmic cells (type 1)
dispersed among slender, fibroblast-like cells
(type 2), marked as 1 and 2, respectively. (C):
F-actin decoration of type 1 and type 2 cells,
which were discriminated by their typical
stress-fiber patterns. (D, E): Three-dimen-
sional images dual-labeled with anti-pancy-
tokeratin (green) and vimentin (red) showed
that pancytokeratin was exclusively ex-
pressed in type 1 cells (fluorescent � differ-
ential interference contrast images). (F): Pan-
cytokeratin gradually diminished through
culture days in a particular passage and over-
all through P3–P8. RD of blotted 50–69-kDa
proteins is shown. Scale bars � 20 �m (D),
35 �m (E), 50 �m (B, C), 200 �m (A).
Abbreviations: kD, kilodalton; MW, molecu-
lar weight; P, passage; RD, relative density.

Figure 3. Cytoskeletal co-expressions in stromal cells from umbilical cord sections (A–D) and cultured HUCSCs (E–I). (A): Vimentin was
distributed in the entire cord stroma. (B): Pancytokeratin was predominantly found in PVCs, rather than IVCs. (C): Desmin expression showed
similarity to vimentin, which was expressed by all cell types in the stroma. (D): ASMA was preferentially detected in PVCs and subamniotic cells
(arrowhead). (E–I): Cytoskeletal elements were analyzed in three-dimensional confocal images in cultured HUCSCs. (E): Elaborate vimentin
filaments were detected in all cells. (F): Pancytokeratin was solely found in extremely flat (�3.5 �m thick) type 1 cells. (G): Consistently, no desmin
was noted in any of the cells cultured. (H): ASMA was found in a collar fashion only in early passages (P1–P3). (I): Later passages were totally devoid
of ASMA. Scale bars � 20 �m (E–H), 50 �m (I), and 500 �m (A–D). Abbreviations: ASMA, �-smooth muscle actin; HUCSC, human umbilical
cord stromal cell; IVC, intervascular cell; PVC, perivascular cell.

Table 1. Summary of phenotypic and structural characteristics of HUCSCs in situ and in vitro

Cell number
(%)

a
Vimentin Pancytokeratin Desmin ASMA

In situ HUCSCs
Perivascular cells 29.4 Strong Strong Strong Strong
Intervascular cells 61.2 Strong Weak Strong Weak
Subamniotic cells 9.4 Strong Strong Strong Strong

In vitro HUCSCs
Type 1 �50 (�10)b Strong Strong None Strong
Type 2 �50 (�90)b Strong None None None

aIn a given cord section.
bFirst number indicates early passage; number in parentheses indicates late passage.
Abbreviations: ASMA, � -smooth muscle actin; HUCSC, human umbilical cord stroma cell.
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genic matrix. Unlike the differentiated cells, the cells in control
groups were loosely arranged in highly fragile irregular cell
masses without any sign of metachromasia (Fig. 4C�). Azan-
stained cell masses in induced groups displayed prominent
collagen fibers (Fig. 4D). Similar kinds of cell spheres, albeit
more irregular in shape, were obtained from bone marrow
MSCs. Figure 4E shows one of the rarely spherical cell masses
of bone marrow MSCs, in which cells tend to congregate in
small groups and build a poorly filamentous extracellular ma-
trix.

Given that collagen type II is the most abundant collagen
form in chondrogenic matrix, differentiated cells were also
examined for their collagen production. Type II collagen was
found as fine intercellular fibers, the main fibrillar constituent of
extracellular matrix (Fig. 4F) only in the chondrogenically in-
duced groups, whereas in nondifferentiated cells, no staining
was observed. Interestingly, a few bundles of type I collagen
fibers were also detected in chondrogenically induced cell
masses, especially in the peripheral zones (Fig. 4G, arrows). In
contrast, induced cells of bone marrow MSCs did not show any
sign of type I collagen but showed faint staining with type II
collagen (Fig. 4H), consistent with the findings in azan-stained
sections.

Adipogenic Differentiation. Adipogenic differentiation of
HUCSCs was achieved in 40 days, a relatively longer period
compared with the bone marrow MSCs. Adipocytic phenotypes
in induced HUCSCs were first signaled by the appearance of
multisized, tiny intracytoplasmic lipid droplets in fusiform-
shaped cells (Fig. 5A). Shortly after, most cells transformed into
a more round or cuboid shape (Fig. 5B, 5C) and retracted their
cellular extensions, although a few retained their fusiform
shape. Lipid granules tended to unite, forming larger ones in the
following weeks (Fig. 5D), whereas MSCs produced rounder
cells having numerous, homogeneous lipid droplets in 21 days
(Fig. 5C, arrows). Although they were cultured for up to 40
days, HUCSCs did not produce a mature adipocyte phenotype
compared with relatively more mature bone marrow MSCs. In
the nondifferentiated control groups, lipid droplets were not
detected at all (Fig. 5F). PAI-1 mRNA levels detected by
reverse transcription-PCR showed a 3.8-fold increase in adipo-
genically induced groups relative to noninduced ones (Fig. 5F).

Osteogenic Differentiation. HUCSCs exposed to osteogenic
medium for 3–4 weeks were characterized by their distended

cell bodies in close proximity to each other. Alizarin red S and
von Kossa stains specific for calcium mineralization showed
direct evidence of calcium deposits as amorphous accumula-
tions between cells toward the end of 4th week (Fig. 6A, 6B).
Safranin O as a counterstain demonstrated the osteoid forma-
tion. Noninduced cultures did not exhibit any calcium deposits
(Fig. 6A�). Bone marrow MSCs produced abundant calcium
deposition after the 4th week of osteogenic induction (Fig. 6A�),
implying a generalized mineralization of monolayers.

Attempts were made to identify series of osteocytic proteins
in differentiated cells. Osteopontin was the earliest to appear
after the 1st week of osteogenic induction as a fine punctate
pattern on the cell surface (Fig. 6C). Two weeks later, osteonec-
tin, osteocalcin, and BSP-2 appeared when the osteogenic in-

Figure 4. Chondrogenically induced human umbilical cord stromal cells (HUCSCs) formed tiny cell spheres. (A): A shiny-surfaced cell mass. (B):
Noninduced cells formed smaller, bulky cell masses. (C): Toluidine blue stain shows the mucopolysaccharide-rich extracellular matrix (pinkish
metachromatic areas) and a clear capsule surrounding the entire sphere (arrowhead). (C�): No metachromasia was noted in irregular masses of
noninduced cells. (D): In azan-stained cell masses, collagen fibers were clearly distinguished (arrowheads) among many chondrocytes (nuclei in pale
red). (E): In cell masses built by the induction of bone marrow MSCs, cells appeared as small groups. Abundant type II (F) and few type I collagen
fibers (G) (arrowheads) were detected in chondrogenically induced HUCSCs. (H): Only a few type II collagen fibers were noted in induced bone
marrow MSCs. Scale bars � 50 �m (F, G), 100 �m (D, E), 200 �m (C�), and 500 �m (A–C).

Figure 5. Adipogenic differentiation of human umbilical cord stromal
cells. (A): Adipocytic phenotypes were signaled by the appearance of
multisized, tiny intracytoplasmic lipid droplets stained with oil red O in
fusiform-shaped cells. (B, C): Shortly, most cells transformed into a
more round or cuboid shape. Some lipid droplets united to form larger
ones in the following weeks (C) (arrows), whereas MSCs produced
rounder cells having numerous, larger lipid droplets in 21 days (D). (E):
In the nondifferentiated control groups, lipid droplets were not detected
at all. (F): Amplification curves of plasminogen activator inhibitor-1
mRNA in induced, noninduced, and neg. control samples. An increase
of 3.8-fold was noted in induced groups relative to noninduced ones.
x-axis, reverse transcription-polymerase chain reaction cycles; y-axis,
fluorescence (530 nm). Scale bars � 20 �m (A, B) and 100 �m (C–E).
Abbreviation: neg., negative.
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duction had almost been completed. BSP-2 (Fig. 6D) and os-
teonectin (Fig. 6E) were found in a fashion similar to
osteopontin, whereas osteocalcin appeared as irregular foci
among osteogenic cells (Fig. 6F).

Differentiation of HUCSCs to Neuronal Lineage
Neuronal differentiation of HUCSCs was achieved by a multi-
step protocol. In the preinduction period, 30%–40% confluent
cells exhibited minor phenotypic changes (Fig. 7A). Although
fusiform shapes dominated, a small portion of cells in the later
hours of preinduction began to show a bulbous appearance with
further elongation of several cytoplasmic extensions (Fig. 7B).
A composite medium consisting of KCl, valproic acid, insulin,
hydrocortisone, BHA, and DMSO, used for neurogenic induc-
tion, was applied for 24 hours. The early changes that occurred
within 2 hours after replacement of induction medium involved
the rounding of cell bodies, giving rise to thin extensions touch-
ing each other to a certain extent (Fig. 7C). In the following 5–8
hours, those extensions became thinner and showed bipolariza-
tion. One or two longer extensions emanated from the cell body,
indicative of the delicate structural organization of axons (Fig.
7D, 7E). Transmission electron microscopic studies revealed
that cell nuclei were evidently rich in euchromatin (data not
shown), which is a sign of high metabolic activity. Of interest
was the observation that, following the 24 hours of differentia-
tion, cells showed signs of dedifferentiation, in which they
transformed back to the mesenchymal phenotype, as evidenced
by the transformation of round cell bodies into flat ones and the
disappearances of axono/dendritic extensions, consequently giv-
ing rise to fusiform and fibroblastoid cells (Fig. 7F). Although a
maintenance medium including EGF, bFGF, N2, B27 supple-
ments, and L-glutamine was used to overcome this phenomenon,
no success was achieved.

During differentiation of cells to the neuronal phenotype, we
observed that type 1 cells, described in detail above, responded
to induction medium to a lesser extent or not at all (Fig. 7H).
The wide and flat cytoplasm of those cells did not transform into
a round shape. Most of them showed very short extensions
without any formation of axon- or dendrite-like structures. In
contrast, type 2 cells, which dominated in later passages, as
shown in Figure 7A, did show a differentiation pattern consis-
tent with a neuronal phenotype.

Anti-tubulin antibody, which recognizes dimeric proteins of
microtubules, was used as a tool to illuminate the overall mor-
phology of induced and noninduced cells. Microtubules were
found along the extensions and elaborations of rounded cell
bodies (Fig. 7G). The difference between type 1 and type 2 cells
was dramatically observed in the typical appearance of those
cells (Fig. 7H), as described above. To confirm the extent to

which induced cells possess neuronal features, they were stained
with antibodies against proteins specific to neuronal precursors
or mature neurons. MAP2, a dendrite-specific protein prominent
in mature neurons, was positive as several patches within
perikarya and in cell extensions in induced cells (Fig. 7I, 7J), but
it was not detected in the noninduced control group. �-III
tubulin, a marker of developing neurons, was observed in both
cell bodies and neuronal outgrowths of induced HUCSCs (Fig.
7K). Nestin, a high molecular weight intermediate filament
present in neuronal precursors, was found in a filamentous
fashion that showed the highest intensity in close proximity to
the cell nucleus (Fig. 7L, 7L�). Noninduced cells were com-
pletely negative for nestin. Neurofilament-M, a neuronal inter-
mediate filament protein, was also positive, especially in cells
having bipolar orientation (Fig. 7M). Neu-N, a specific antigen
for neuron cell nucleus, was positive in induced cells (Fig. 7N)
and entirely negative in noninduced ones. Only 20%–25% of
induced cells revealed NSE positivity as intracytoplasmic
patchy pattern (Fig. 7O, arrows), whereas the remaining induced
and noninduced cells were faintly stained in a punctuate fashion
(Fig. 7O). GFAP, a protein specific for astrocytes, was negative
in both induced (Fig. 7P) and noninduced HUCSCs.

Neuronal differentiation experiments using bone marrow-
derived MSCs revealed phenotypes similar to HUCSCs. Inter-
estingly, they also transformed into a more fibroblastic nature in
48 hours after induction. During the induction period, cells were
characterized by NF-M expression (D. Uckan et al., unpublished
data).

DISCUSSION

Although a wide variety of cell markers are used to characterize
MSCs, the intrinsic ability of these cells to adhere to uncoated
plastic substrates stands as the most consistent property of these
cells, regardless of their origin. Besides the well-characterized
MSCs, which are derived from bone marrow and cord blood, a
growing body of evidence suggests that human umbilical cord
matrix contains a substantial amount of cells having properties
similar to MSCs. The cord tissue surrounding the blood vessels
is typically classified as mesenchymal or embryonic connective
tissue [32], so it is reasonable to consider that human cord
stromal cells have a stem cell character to some extent. Given
the results of the present work and of a few studies [11, 12]
reported in the literature in recent years, it is possible to postu-
late that human umbilical cord stroma cells commit to a certain
state in Wharton’s jelly during development of cord.

An important issue of interest in adult stem cell studies is the
availability of the source and efficacy of isolation techniques to
yield a reasonable number of viable cells to expand. Therefore,

Figure 6. Osteogenic differentiation of hu-
man umbilical cord stromal cells. Calcium
deposition and osteoid formation as shown
by Alizarin red S (A) and von Kossa/safranin
O stains (B) gradually increased up to 4
weeks, whereas no calcium was noted in
controls (A�). (A�): Disseminated calcium
mineralization was noted in induced bone
marrow MCS cultures. Osteopontin (C),
BSP-2 (D), and osteonectin (E) markedly
appeared in punctate fashion during the 1st,
3rd, and 4th weeks, respectively. (F): Osteo-
calcin was noted as amorphous patches on
calcified monolayers. Scale bars � 20 �m.
Abbreviation: BSP-2, bone sialoprotein-2.
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one of the main focuses of this study was designed to evaluate
the efficiency of expansion of those cells with a series of in vitro
proliferation parameters before they are induced to differentiate.
Although the frequency of bone marrow stromal cells is often
reported to range from 1 to 10 MSCs in a total of 106 bone
marrow mononuclear cells [33–35], the number of MSCs in
umbilical cord blood is found to range from 1 � 103 to 5 � 103

cells per sample [4], in addition to the difficulty of isolating and
expanding adherent cultures. Because of the results of several
isolation and expansion experiments used in this study, it is
realistic to claim that the harvesting ratio of MSCs in cord
stroma is relatively high (4 � 105 cells per sample; 10–15 �
103 cells per centimeter of cord). This finding is consistent with
the study of Sarugaser et al. [14], in which MSC yield was

reported to be 100%, meaning that they harvested cells from
every cord received, although they only examined the PVCs of
human umbilical cords. Weiss et al. [16] also obtained a 100%
yield, with a similar number of cells per centimeter of cord
length. Apparently, isolation of any type of tissue-embedded
stem cell through a harsh, time-consuming, and costly tissue
digestion process stands as a pitfall, as opposed to easy collec-
tion and storage conditions of blood-originated stem cells.

One of the striking features of HUCSCs was the capacity to
expand cell numbers almost 300-fold over seven passages.
However, HUCSCs spent a great deal of time in lag and log
phases (6–7 and 6–8 days, respectively), compared with PVCs
obtained from human umbilical cords, which are reported to
spend 24 hours in lag and 24–120 hours in log phase [14]. The

Figure 7. Differentiation of human
umbilical cord stromal cells (HUCSCs)
to neuronal lineage (A–F) and three-
dimensional images obtained from
consecutive optical sections showing
expression of neuronal markers
(G–M). Confluence of 30%–40% was
found to be most favorable for the on-
set of preinduction, during which mi-
nor changes occurred in early (A) and
later (B) hours. (C): By the onset of the
induction period, cells suddenly re-
sponded, their bodies becoming more
slender and extending microspikes. (D,
E): In the following hours, cells trans-
formed into a neuronal shape having
bipolar cell bodies and protrusions re-
sembling axons and dendrites. (F):
Nevertheless, they did not maintain
these phenotypes and transformed into
a fibroblastic nature in 48 hours. (G):
Microtubules were found in cell bodies
and along the entire cell extensions.
(G�): Sections taken in the x-z direction
in confocal microscope showed that
cells had a mean thickness of 16.5 �m.
(H): Discrepancy between type 1 and
type 2 cells in response to neuronal
differentiation; no structural alteration
was noted in type 1 (1) as opposed to
type 2 (2) cells. (I): MAP2 was de-
tected as discontinuities along the cells.
(J): MAP2 distribution in cell-cell con-
tact. �-III tubulin (K) and NF-M (M)
were strongly positive throughout the
perikarya and extensions. Nestin ap-
peared as a filamentous “nest” (L), lo-
cated in the perinuclear cytoplasm in
particular (L�). (N): Neu-N was exclu-
sively restricted to cell nuclei in in-
duced HUCSCs. (O): NSE (arrows)
appeared as intracytoplasmic patchy
areas in some cells, whereas most
stained in a weak punctuate fashion.
(P): GFAP was negative in induced
HUCSCs. Scale bars � 10 �m (L�), 15
�m (G�), 20 �m (J, L, P), 50 �m (D,
E, G, I, O), 100 �m (H, K, M, N), and
200 �m (A, B, C, F). Abbreviations:
GFAP, glial fibrillary acidic protein;
MAP2, microtubule-associated pro-
tein-2; Neu-N, neuron-specific nuclear
protein; NF-M, neurofilament-160;
NSE, neuron-specific enolase.
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decrease in PDT in subsequent passages was more evident in
HUCSCs than in PVCs in the study of Sarugaser et al. [14], in
which PDT showed a constant pattern after P2. We assume that
differences in such dynamics may be due to the heterogeneity of
HUCSCs, which include all perivascular, intervascular, and
subamniotic cell populations. The efficiency of expansion of
HUCSCs seems encouraging; nevertheless, the significant de-
cline in PDT and the M-phase period from P1 to P7 urged us to
examine whether a tumorigenic transformation had occurred.
The significant decrease in cell viability in serum-free culture
media, the dependence on anchorage, and the cessation of cell
growth upon cell-cell contact ruled out the possibility of this
phenomenon. A normal karyotype pattern in all passages ex-
cluded the major structural chromosomal abnormalities.

Cellular regulation of telomerase is required to keep a bal-
ance between normal proliferation capacity and cancer devel-
opment [36]. HUCSCs showed relatively stable telomerase ac-
tivity by P1–3 and P5,6. Upregulated endogenous telomerase
activity at P4 could be resulted from a clonal expansion, leading
to immortalization. In fact, activity was not maintained at high
levels because of a lack of major chromosomal abnormalities,
which is required for tumorigenic transformation. Taken to-
gether, the above data suggest that HUCSCs in culture are safe
enough, at least during the tested passages, and do not sponta-
neously transform into tumorigenic phenotype.

An important finding was that viable cell number decreased
slightly after freezing and thawing, even though the remaining
viable cells were successfully expanded in consecutive days,
indicating that HUCSCs may tolerate freezing and thawing
cycles both structurally and metabolically.

Careful examinations of cells in culture interestingly re-
vealed two distinct cell phenotypes, which appeared in early
passages in particular. Cellular differentiation in vitro and in
vivo is closely connected with morphological changes based on
intermediate filament protein remodeling. Intermediate fila-
ments are expressed in cell type-specific patterns following and
demarcating pathways of embryonic development and cellular
differentiation [37]. Vimentin is a 50-kDa protein found in cells
of mesodermal origin, whereas cytokeratins are a group of
55–69-kDa proteins basically found in epithelial cells of ecto-/
endodermal origin. The staining frequency and the correspond-
ing phenotype of those cells led us to conclude that isolated and
cultured HUCSCs, even though all are mesenchymal stem cells
in nature, contain at least two distinct cell populations, which
might have been derived from different tissue sites and/or have
an embryological origin. In addition to the fact that cytokeratin
filaments are solely expressed in cells of ecto-/endodermal or-
igin, during development, some cytokeratin isoforms are ex-
pressed in myofibroblastic cells as well. This is particularly true
for cytokeratins 8, 17, and 19 [38], which are recognized by the
pancytokeratin antibody. Similar findings were also reported for
the umbilical cord stroma cells [39]. Therefore, it was not
unusual to detect cytokeratin-expressing cells in the present
study, which in fact facilitated the characterization of the nature
of these cells.

The differential expression of certain cytoskeletal elements
in cultured cells led us to examine the umbilical cord sections in
situ to see whether a similar disparity in the expression of same
cytoskeletal proteins exists in different regions of the tissue.
Interestingly, vimentin was distributed evenly in all perivascular
and intervascular regions, whereas pancytokeratin showed a
clear zonal distribution. Cells surrounding the umbilical cord
vessels (i.e., PVCs) showed intense staining, whereas the cells
found between the vessels, which we prefer to call “intervascu-
lar cells,” expressed little or no pancytokeratin. The cuboidal
epithelial cells of the amniotic membrane exhibited the strongest
staining, as expected. These findings are consistent with those

reported by Nanaev et al. [11]. Pancytokeratin-positive cells in
culture exhibit the type 1 cell phenotype, but in practice, they do
not differentiate into neurons, which are discussed below.

Desmin, a myogenic cytoskeletal protein, revealed a distri-
bution similar to that of vimentin throughout the entire stroma
and verified the myofibroblastic character of umbilical cord
stroma cells as clearly defined by Takechi et al. [10] and Kadner
et al. [40]. In contrast to PVCs described by Sarugaser et al.
[14], desmin expression was not detected in isolated cultured
cells at any time in the present study until the cells were induced
by cardiomyogenic induction medium (supplemental online Fig.
4; manuscript in preparation). The existence of diffuse desmin
positivity among all stromal cells in tissue sections, as opposed
to the total lack of expression in cultured cells, may reflect the
sudden downregulation of desmin synthesis, possibly because of
isolation and/or culturing conditions. Convincing evidence
arises from the studies of Darby et al. [41], in which wound
myofibroblasts have been shown to temporarily not express
desmin but only express ASMA. Similar phenomena might also
relate to the low expression of ASMA in our continuing sub-
cultures, whereas it was found to be strongly positive in tissue
sections and earlier passages, results that are also supported by
the findings of Sarugaser et al. [14] and Mitchell et al. [42].
Mitchell et al. [42] also reported that ASMA-positive cells lose
ASMA expression when differentiated into neurons.

Cells in human Wharton’s jelly are not evenly distributed. The
most immature cells, having greater competence to resume prolif-
eration, are located in subamniotic and intervascular regions,
whereas cells of perivascular regions mainly constitute the highly
differentiated myofibroblasts [11]. Given our results and this site-
specific property of stromal cells, we hypothesize that because of
their myofibroblastic and highly differentiated features, PVCs
leave cultures in an early state where they can no longer contribute
to a number of processes related to differentiation, primarily to a
neuronal phenotype. On the other hand, less differentiated IVCs
and subamniotic cells rapidly lose their weak myofibroblastic char-
acter, considering changes in ASMA and desmin expression during
in vitro expansion. They therefore transform to a bi-/tri-/multipo-
tent stem cell state, where they gain higher affinity for differenti-
ation. This may account for why late passages, compared with
earlier ones, have a higher tendency to respond to induction of
neurogenic differentiation.

Based on the notion that a cell is called a “stem cell”
because it is capable of giving rise to a more committed cell(s),
an attempt to address this question was the second main goal of
this study. The formation of chondrogenic micromasses staining
positively with common mucopolysaccharide dyes clearly indi-
cated that HUCSCs are able to transform into chondrocytes. De
novo synthesis of type II collagen fibers, which are normally
synthesized by chondroblasts in various types of chondral tis-
sues in human [43], further indicated the functional differenti-
ation of HUCSCs in cohort behavior without any preference
seen in type 1 or type 2 cells. The peripheral localization of a
few type I collagen fibers detected in chondrogenic cell masses
implies the formation a capsule, which corresponds to perichon-
drium. Minimal collagen type I production was also reported in
chondrogenic differentiation of rabbit MSCs [44]. However, the
question still remains of whether external cues or intrinsic
factors necessary for chondrogenesis play the major role in
determining the amount and/or type of collagen. Weak staining
of bone marrow MSCs by type II collagen raises the possibility
that chondrogenic potency in these cells is poor compared with
that of HUCSCs. Obviously, further evaluation specific to chon-
drogenic potentials of those two kinds of stem cells is necessary.

When incubated in adipogenic medium, HUCSCs gradually
differentiated into multilocular adipogenic cells in vitro, confirmed
by an elevated expression of PAI-1, which is a member of serine
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proteinase inhibitor family that is highly expressed in adipose
tissue, as are adiponectin and resistin [45, 46]. Stained positively
with oil red O, these multilocular cells could be considered prea-
dipocytes. Despite receiving exactly the same adipogenic induction
medium as with bone marrow MSCs, HUCSCs showed a relatively
premature reminiscent appearance, reminiscent of the multilocular
forms of adipocytes dominant in brown adipose tissue in the fetus
[32]. Similar to many MSCs originating from diverse sources, lipid
accumulation in these cells usually did not proceed to the unilocular
state, as seen in mature adipocytes. The formation of homogeneous
lipid droplet-laden cells produced by bone marrow MSC cultures
reveals that these cells have a greater tendency to differentiate into
adipocytes in the same culture conditions, as also reported previ-
ously [47]. The adipogenic differentiation capacity of human um-
bilical cord blood stromal cells was also reported to be less than that
of bone marrow MSCs [48, 49]. The potency of developing mature
adipocytes by bone marrow MSCs versus umbilical cord and cord
blood MSCs may be due to the fact that some of the cells in bone
marrow stroma are already committed to forming mature adipo-
cytes in situ.

Stem cells of mesenchyme origin are generally accepted as a
convenient source for osteoblasts, the cells that synthesize bone
matrix. In vitro differentiation of bone marrow MSCs to osteoblasts
has classically involved incubating a confluent monolayer of cells
with ascorbic acid, �-glycerophosphate, and dexamethasone for
2–3 weeks [2, 50]. Wang et al. [13] demonstrated that cells from
the same source used in the present study were able to differentiate
into osteopontin-positive cells in vitro in 28 days. More recently,
human umbilical cord PVCs were shown to form bone nodules
after being cultured in the presence of the above supplements in a
5-day induction period [14]. Here, we report a mixture of PVCs and
IVCs in a cohort that successfully underwent osteogenic differen-
tiation in 3 weeks, as indicated by the intense expression of os-
teopontin, BSP-2, osteonectin, and osteocalcin; the formation of
calcium deposits; and osteoid formation. Given the possibility that
type 1 cells correspond to PVCs in vivo and the relatively faster
differentiation to osteoblasts as shown by Sarugaser et al. [14],
these data suggest that different types of cells found in human
umbilical cord stroma show variations in differentiating into osteo-
blasts. Therefore, it is reasonable to raise the possibility that the
differences in the duration of osteogenic differentiation reported by
Wang et al. [13], Sarugaser et al. [14], and in the present study arise
from the diversity of cells used.

Because HUCSCs are mesenchymal in origin, their differ-
entiation into neurons or neuronal precursors is really a matter
of interest, since lineage restriction is an important issue in stem
cell biology. The rapid change in the morphology of cells in
almost 3 hours from a fibroblastic appearance to more round cell
bodies characteristic of neurons has also been noted by Wood-
bury et al. [30]. In the following hours, cells showed bipolarity,
followed by multipolarity to some extent. It was interesting to
find the expression of MAP2, a marker of mature neurons, in
differentiated HUCSCs. The patchy appearance of inner cyto-
plasmic MAP2 localization, as well as its regional distribution in
cell-cell contacts, may indicate the onset of the stabilization of
microtubules. MAP2 is known to express at later stages than
Neu-N, because of changes during development [51], whereas
Neu-N is expressed in a state when terminal differentiation of a
neuron occurs [52]. Conflicting results, however, were reported,
as MAP2 was also expressed in undifferentiated bone marrow
MSCs [53]. HUCSCs clearly showed no evidence of MAP2 in
the undifferentiated state. The co-expression of both MAP2 and
Neu-N in our study, despite a short duration of incubation,
suggests that differentiating neuronal cells reach a state in vitro
where they gain a maturity level regardless of the priority of
proteins expressed. Apparently, the ultimate MAP2 orientation
would not be completed until the final maturity of neurons is

achieved, such as stable growth cone assembly and synapse
formation.

Neurofilaments (NF-L, NF-M, and NF-H) are synthesized in
the neuronal perikarya, assembled to form filaments, and then
slowly transported within the axons toward the synaptic terminals
[54]. NF-M was localized both in perikarya and neurites, as re-
ported in previous studies [30, 42], indicating that cells assembled
with the basic neuronal structure are consistent with their neuron-
like morphology. Nestin, which was initially identified as a marker
of neural stem and neural progenitor cells [55], displayed a typical
form of nest-like filaments preferentially located around nuclei of
differentiated HUCSCs. Contrary to the recent suggestions that
nestin may be a common marker of multilineage progenitor cell, in
our work, nestin profiles were exclusively confined to neuronally
induced cells.

HUCSCs showed a differential expression of NSE; that is,
only a few induced cells expressed NSE strongly, whereas most
were considered negative, similar to noninduced ones. NSE is
the most abundant form of glycolytic enolase found in adult
neurons and is thought to serve as a growth factor for neurons
[56]. The expectation, therefore, is that NSE might be detected
in developing neurons in vitro. Woodbury et al. [30] and Mitch-
ell et al. [42] reported that NSE was expressed in neuronally
induced cells. However, they also noted that NSE was also
expressed in undifferentiated MSCs of porcine umbilical cord
and rat bone marrow stroma cells [30, 42]. The results of these
two studies were not identical, since Mitchell et al. [42] reported
that NSE expression was almost equal in both undifferentiated
and neuronally differentiated cells, whereas Woodbury et al.
[30] noted a significant increase of NSE after induction with
neurogenic medium. On the other hand, Sarugaser et al. [14]
reported that NSE was negative in both induced and noninduced
PVCs of human umbilical cord.

�-III Tubulin, one of the six isotypes of �-tubulin polypep-
tides, is found specifically in brain and dorsal root ganglia and
localized to neurons, where its expression seems to increase
during axonal outgrowth [57]. Therefore, the expression of �-III
tubulin in both cell bodies and neuronal outgrowths of induced
HUCSCs is a sign of neuron formation. Since previous studies
show that the assembly of ��-III dimers in presence of MAP2 is
faster [58], expression of MAP2 with �-III tubulin may coincide
with the initiation of a more complex neuronal structure. Lack of
�-III tubulin in glia cells, which have �-II and �-IV tubulins
instead [59], confirms that the positively stained cells in this
study are solely neurons.

Our cells were negative for GFAP, an intermediate filament
protein specific for astroglial cells. GFAP was reported positive
in both induced [42, 60] and noninduced cells [42] where three
different media were used, some of which were different from
ours. GFAP was also absent in the bone marrow stromal cells
studied by Woodbury et al. [30], who concluded that the me-
dium they used did not support astrocytic differentiation. Since
we used a slightly modified version of the medium defined by
those authors, it was not surprising that GFAP was negative in
induced HUCSCs. Such differences in these results may be
associated with the varieties in state of maturity of neurons, as
well as the source and character of the cells obtained. As a
conclusive remark for all differentiation attempts, we postulate
that spatiotemporal differences in many cellular markers re-
ported here and in many studies may be due to the different
media and supplement formulations used by different laborato-
ries.

Conclusively, HUCSCs possess a substantial and distinctive
capacity to proliferate and differentiate, as demonstrated in detail in
the present study. To our knowledge, this is the first study in the
literature regarding the following aspects. (a) Growth characteris-
tics of HUCSCs as a heterogeneous cell population are different
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from those of the perivascular cells, as reported before. (b) Pheno-
typically, there are at least two kinds of cells in the cord matrix:
type 1 and type 2 cells. (c) Cells in the umbilical cord stroma differ
in situ from their in vitro correlates regarding their spatiotemporal
cytoskeletal protein distribution. (d) Pancytokeratin expression is
solely confined to type 1 cells, which may correspond to perivas-
cular cells that are differentiated myofibroblasts in nature and
cannot form neurons in vitro. Therefore, there seems to be a
site-specific arrangement for matrix cells in terms of differentiation
potency. (e) A significant number of cells are yielded after freeze-
thaw cycles. (f) Bone marrow MSCs are more successful in form-
ing adipogenic cells, whereas they have less potency in forming
chondrogenic and osteogenic cells compared with HUCSCs. (g)
When induced to a chondrogenic lineage, HUCSCs express not
only type 2 but also peripherally located type 1 collagen. (h)
HUCSCs express immature neuronal and/or immature forms of
mature neuronal markers.

Given these many characteristics, particularly the plasticity and
developmental flexibility, HUCSCs may well be considered pro-
genitor cells, which are classically defined by a high but limited
proliferation capacity and an inability to form tumors [6]. Although
culture conditions and supplements seem sufficient, they are far
from matching the physiological signals cells received that induce

differentiation in vivo. Undoubtedly, further evaluation is needed to
understand the functional nature of in vitro differentiated HUCSCs,
and particularly their in vivo physiology, before going through
long-term phase clinical tests. It is also important to know whether
or not these cells that will adopt a new fate will maintain their fate
throughout the life of the tissue and not revert to the embryonic
origin.
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