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Stem Cells From Umbilical Cord Wharton’s
Jelly From Preterm Birth Have Neuroglial
Differentiation Potential

Marianne Messerli, PhD1,2, Anna Wagner, MD1, Ruth Sager1,2, Martin Mueller, MD1,
Marc Baumann, MD1, Daniel V. Surbek, MD1,2, and Andreina Schoeberlein, PhD1,2

Abstract
Objective: The aim of the study is to determine the neuroglial differentiation potential of human Wharton’s jelly-derived mesench-
ymal stem cells (WJ-MSCs) from preterm birth when compared to term delivery. Study Design: The WJ-MSCs from umbi-
lical cords of preterm birth and term controls were isolated and induced into neural progenitors. The cells were analyzed for
neuroglial markers by flow cytometry, real-time polymerase chain reaction, and immunocytochemistry. Results: Independent
of gestational age, a subset of WJ-MSC displayed the neural progenitor cell markers Nestin and Musashi-1 and the mature neural
markers microtubule-associated protein 2, glial fibrillary acidic protein, and myelin basic protein. Neuroglial induction of WJ-MSCs
from term and preterm birth resulted in the enhanced transcription of Nestin and Musashi-1. Conclusions: Undifferentiated WJ-
MSCs from preterm birth express neuroglial markers and can be successfully induced into neural progenitors similar to term
controls. Their potential use as cellular graft in neuroregenerative therapy for peripartum brain injury in preterm birth has to
be tested.
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Introduction

About 10% of the infants are born preterm. Prematurity is the

main cause of perinatal and neonatal morbidity and mortality.1

The major clinical problem found in surviving early premature

infants is perinatal brain damage, including cerebral white mat-

ter damage characterized by oligodendrocyte progenitor cell

(OPC) loss.2,3 Neurological problems, such as motor deficien-

cies, mental retardation, developmental disability, and subnormal

intelligence, are found later in life in preterm children .

To better understand the pathophysiology and, eventually,

to develop the therapeutic strategies, a number of rodent mod-

els for perinatal brain damage have been established.4,5 Trans-

plantation of stem cells or neural progenitors could lead to the

regeneration of injured neural tissue in the fetus or newborn. A

promising therapeutic potential in cell transplantation has been

ascribed to mesenchymal stem cells (MSCs) due to their multi-

potency and low immunogenicity. The MSCs have been shown

to be induced in vitro to differentiate into bone, cartilage, fat,

smooth and skeletal muscle, skin, liver, and recently even into

neurons and glia.6-9 Most of the studies of MSCs have focused

on bone marrow-derived MSCs (BM-MSCs). However, alter-

native and less invasive sources of MSCs have been identified

lately. The MSCs have been found in the amniotic fluid,10

chorionic villi,11 and umbilical cord blood.12 Most recently,

MSCs have been identified in the umbilical cord’s connective

tissue embedding the 2 arteries and the vein, the so-called

Wharton’s jelly.13 Wharton’s jelly-derived MSCs (WJ-MSCs)

have a relatively primitive nature compared to BM-MSCs,

characterized by a shorter doubling time and a higher colony-

forming unit frequency.14 Finally, WJ-MSCs are easily avail-

able and collectable in circumstances of a preterm delivery,

providing the unique opportunity to have an autologous stem

cell graft readily available for transplantation without immuno-

logical rejection risk.

Zhang et al recently showed that WJ-MSCs from term birth

could be successfully differentiated into cells expressing

immunophenotypic markers and secreting neurotrophic factors

characteristic for OPC-like cells.15 However, considering

that neonatal brain damage is mainly a problem in prematu-

rity, the phenotypic characterization and the analysis of the
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oligodendroglial differentiation properties of Wharton’s

jelly cells derived from preterm birth are of major interest.

Autologous transplantation of WJ-MSCs from preterm birth

with neuroglial potential would be a promising therapeutic

approach in premature children having perinatal brain injury.

However, studies characterizing WJ-MSCs isolated from pre-

term deliveries as potential cell graft for neuroregeneration are

still lacking. Therefore, the aim of the study is to characterize

Wharton’s jelly cells derived from preterm birth and to com-

pare their expression of neuronal and glial markers and their

neuroglial differentiation potential with the ones of Wharton’s

jelly-derived cells isolated from term umbilical cords.

Materials and Methods

Isolation and Expansion of Wharton’s Jelly Cells

After informed consent, umbilical cords from healthy term

(gestational age � 37 weeks, n ¼ 6) and preterm (gestational

age: 27-36 weeks, n ¼ 6) deliveries were collected following

cesarean section. Preterm birth was either idiopathic or attributed

to twin pregnancy. Demographic characteristics are summarized

in Table 1. The study was approved by the institutional review

board of the University Hospital Bern and the Canton of Bern.

The MSCs were isolated from the Wharton’s jelly as described

previously.16,17 Briefly, the umbilical cords were disinfected in

70% ethanol, vessels were removed, dissected into small frag-

ments, and digested for 3 hours in 270 U/mL collagenase II

(Worthington Biochemical Corporation, Lakewood, New Jer-

sey) at 37�C/5% CO2. The cells were expanded in Dulbecco

modified Eagle medium (DMEM)/F12 medium supplemented

with 10% fetal calf serum (FCS), 2 mmol/L glutamax, and

100 units/mL penicillin/100 mg/mL streptomycin/250 ng/mL

amphotericin B (Life Technologies, Carlsbad, California).

Characterization of Wharton’s Jelly-Derived Cells as MSC

To identify the isolated cells as multipotent MSCs, flow cyto-

metric analysis and in vitro differentiation toward the mesoder-

mal lineage were performed at passage 5.

Flow cytometric analysis of cell surface MSC markers. Fluorescein

isothiocyanate-conjugated mouse monoclonal antibodies against

human CD105 (AbD Serotec, Oxford, UK), CD90 (Acris Anti-

bodies, San Diego, California), CD45 (BD Pharmingen, Frank-

lin Lakes, New Jersey), CD34 (BD Pharmingen), CD14

(Millipore, Billerica, Massachusetts), and HLA-DR (BD Pharmin-

gen) were used for flow cytometric stainings. For the detection of

the unconjugated mouse monoclonal antibodies against human

CD73 (BD Pharmingen) and CD19 (Millipore), an Alexa-Fluor

594-conjugated anti-mouse IgG antibody (Life Technologies) was

used. Antibodies were diluted in 1� phosphate-buffered saline

(PBS) and 1% FCS to their working concentrations. Stainings

were performed for 30 minutes at 4�C. At least 10 000 events were

acquired on a LSR II flow cytometer (BD Biosciences, Franklin

Lakes, New Jersey) and analyzed using the FlowJo software (Tree

Star, Inc, Ashland, Oregon).

In vitro differentiation toward the mesodermal lineage. The in vitro

differentiation potential into osteocytes, chondrocytes, and adi-

pocytes of Wharton’s jelly-derived cells from term (n ¼ 2) and

preterm birth (n ¼ 2) was assessed using the Stem Pro Differ-

entiation Kits for osteogenesis, chondrogenesis, and adipogen-

esis (Life Technologies) according to the manufacturer’s

instructions. Analysis was done as described previously.18 In

brief, after 14 to 19 days of differentiation, the cells were

stained with Alizarin Red S (osteogenesis), Oil Red O (adipo-

genesis), or Alcian blue (chondrogenesis). Chondrogenesis was

additionally analyzed by immunocytochemistry for the expres-

sion of collagen type II using a mouse monoclonal antibody

against human collagen type II (Millipore), followed by the

detection with an anti-mouse IgG Alexa Fluor 488 antibody

(Life Technologies). Nuclei were counterstained with

diamidino-2-phenylindole (DAPI; Sigma, St Louis, Missouri).

The stainings were analyzed with a DM IL microscope (Leica

Microsystems, Wetzlar, Germany).

Induction into Neural Progenitor Cells

Adaptations of published multistep protocols were used to pro-

duce neural progenitors.15,19,20 The WJ-MSCs at cell culture

passage 5 were used for the differentiation experiments.

Briefly, WJ-MSCs were cultured for 3 days in DMEM/F12

medium containing 1� N2 supplement (Life Technologies),

10 ng/mL epidermal growth factor (EGF; R&D Systems, Min-

neapolis, Minnesota), 2 mmol/L glutamax, and 100 units/mL

penicillin/100 mg/mL streptomycin/250 ng/mL amphotericin

B to increase the percentage of cells expressing the neural

progenitor cell marker Nestin. For subsequent preinduction

into neurosphere-like bodies, the cells were cultured under non-

adherent conditions in neurobasal medium (Life Technologies)

containing 1� B27 supplement (Life Technologies), 20 ng/mL

EGF, 20 ng/mL basic fetal growth factor (FGF; Peprotech,

Rocky Hill, New Jersey), 2 mmol/L glutamax, and 100 units/

mL penicillin/100 mg/mL streptomycin/250 ng/mL amphoteri-

cin B. To differentiate neurospheres toward the OPC lineage,

the spheres were plated on dishes coated with matrigel (BD

Biosciences). Half of the medium was replaced after 3 days

with the same volume of OPC medium (neurobasal medium,

Table 1. Demographic and Clinical Characteristics (Mean + SD).

Variable Term (n ¼ 6) Preterm (n ¼ 6)

Maternal age, years 27.2 + 7.2 33.2 + 5.1
Ethnic background

European 3 5
African 1 1
Asian 2 0

Gravidity 3.7 + 1.8 1.8 + 0.7
Parity 3.3 + 1.7 1.7 + 0.5
Gestational age at delivery, weeks 38.5 + 0.5 31.8 + 2.8
Birthweight, g 3304.2 + 393.6 1659.0 + 506.4

Abbreviation: SD, standard deviation.
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10 ng/mL FGF, 10 ng/mL platelet-derived growth factor

[PDGF-AA; Peprotech], and 1 mmol/L purmorphamine; Cal-

biochem, San Diego, California). After another 3 days, the

medium was replaced with fresh complete OPC medium.

RNA Extraction and Reverse Transcription

RNA was isolated using the QIAshredder and the RNAeasy Plus

Mini Kit (Qiagen, Hilden, Germany) according to the manufactur-

er’s protocol. The concentration of RNA was measured by Nano-

drop spectrometry (Thermo Scientific, Wilmington, Delaware).

Up to 5mg of RNA were reverse transcribed using the SuperScript

III First-Strand Synthesis System (Life Technologies).

Real-Time Polymerase Chain Reaction of Neuronal and
Glial Markers

The gene expression of Nestin, Musashi-1, paired box 6 (PAX6),

neural cell adhesion molecule (NCAM), Nanog homobox

(NANOG), microtubule-associated protein 2 (MAP- 2), glial

fibrillary acidic protein (GFAP), and myelin basic protein

(MBP) was assessed by real-time reverse transcription polymer-

ase chain reaction (PCR) in undifferentiated WJ-MSCs and neu-

rospheres (term: n¼ 6; preterm: n¼ 6). The primers and probes

sequences are listed in Table 2. The PCR was run with the fol-

lowing PCR cycling program on a 7300 Real Time PCR System

(Life Technologies): 2 minutes at 50�C, 10 minutes at 95�C, fol-

lowed by 45 cycles of 15 seconds at 95�C and 1 minute at 60�C.

The transcripts were normalized to the reference gene

glyceraldehyde-3-phosphate dehydrogenase. Data were ana-

lyzed using the 7300 System Software (Life Technologies) and

expressed as fold change relative to undifferentiated WJ-MSCs.

Flow Cytometric Analysis of Neuronal and Glial Markers

The protein expression of neuronal and glial markers in undif-

ferentiated WJ-MSCs and neurospheres (term: n ¼ 6; preterm:

n ¼ 6) was measured by flow cytometry. The cells were fixed

with 1% paraformaldehyde and stained with unconjugated

mouse monoclonal antibodies against human Nestin (Acris

Antibodies), PAX6 (Santa Cruz Biotechnology, Inc, Santa

Cruz, California), GFAP (Millipore), and rabbit polyclonal

antibodies against human MAP-2 (Abcam, Cambridge, UK),

MBP (Millipore), and Musashi-1 (Millipore) for 30 minutes

at room temperature. Secondary detection was done with Alexa

Fluor 594-conjugated anti-mouse IgG and anti-rabbit IgG anti-

bodies (Life Technologies). The antibodies were diluted in 1�
PBS, 1% FCS, and 0.5% saponin (Sigma).

At least 10 000 events were acquired on a LSR2 II flow cyt-

ometer (BD Biosciences) and analyzed using the FlowJo soft-

ware (Tree Star, Inc).

Protein Extraction, Bicinchoninic Acid Assay, and Western
Blotting

The protein expression of Nestin was additionally analyzed

using Western blotting. The cells were lysed using the mamma-

lian cell lysis kit from Sigma. Total protein concentration was

assessed by the bicinchoninic acid protein assay kit (Sigma).

Proteins were separated on a denaturing 4% to 20% gradient

gel (Biorad, Hercules, California), transferred onto a PDVF

membrane, blocked with 5% milk, and analyzed with the fol-

lowing primary mouse monoclonal antibodies: anti-Nestin

(Acris Antibodies) and anti-b-actin (Clone AC-74, Sigma).

As secondary antibody, horseradish peroxidase-linked polyclo-

nal sheep anti-mouse IgG (GE Healthcare Life Science, Chal-

font St Giles, UK) was used. Binding was detected by

chemiluminescence using Amersham ECL Prime Western

blotting reagent (GE Healthcare Life Sciences, Little Chalfont,

UK). Image J software (Wayne Rasband, National Institutes of

Health) was used for pixel summation of individual bands, and

pixel intensities were corrected for background. Nestin bands

were standardized to the corresponding b-actin bands. The

Table 2. Primers and Probes Sequences.

Gene symbol Forward primer Reverse primer Probe Quencher

NES TaqMan gene expression assay ID: Hs00707120_s1 (Life Technologies) NFQ
MSI1 50-CTCCAAAACAA

TTGACCCTAAGGT-30
50-GACAGCCCCC

CCACAAAG-30
50-CGAGCACAGCCC

AAGATGGTGACTC-30
TAMRA

PAX6 50-GCTTCACCAT
GGCAAATAACC-30

50-GGCAGCATGCA
GGAGTATGA-30

50-CCTATGCAACCCCC
AGTCCCCAG-30

TAMRA

NCAM 50-GCTCCCCCAT
CAGACACTATCT-30

50-GTCCAGGGAC
TTCAGCATGAC-30

50-CAGAGATCAGGCT
CCCGTCTGGCA-30

TAMRA

NANOG 50-ACAACTGGCC
GAAGAATAGCA-30

50-GGTTCCCAGTC
GGGTTCAC-30

50-TGACGCAGAAGGCC
TCAGCACCT-30

TAMRA

MAP-2 50-GGGCCTTTTCTTT
GAAATCTAGTTT-30

50-CAAATGTGGCTC
TCTGAAGAACA-30

50-CACACGTCCGCCA
CCTGGCC-30

NFQ

GFAP 50-GGCCCGCCA
CTTGCA-30

50-GGGAATGGTGA
-TCCGGTTCT-30

50-AGATCGCCACCT
ACAGGA-30

NFQ

MBP 50-ACTATCTCTTCCT
CCCAGCTTAAAAA-30

50-TCCGACTATAAAT
CGGCTCACA-30

50-TGGGCATCGACTCCC
TTGAATCCC-30

TAMRA

Abbreviations: GFAP, glial fibrillary acidic protein; MAP-2, microtubule-associated protein 2; MBP, myelin basic protein; MSI1, Musashi-1; NCAM, neural cell
adhesion molecule; NES, Nestin; PAX6, paired box 6.

Messerli et al 1457



Nestin expression of neurospheres was calculated relative to

WJ-MSCs (WJ-MSC ¼ 100%).

Immunocytochemistry of OPC Markers

The protein expression of OPC markers was analyzed by

immunocytochemistry. The cells were fixed with 4% parafor-

maldehyde, blocked with 1� PBS, 1% BSA, stained with a rab-

bit polyclonal antibody against human platelet-derived growth

factor receptor a (PDGFRa; Abcam) or a mouse monoclonal

antibody against O4 (Millipore), followed by the detection with

an anti-rabbit IgG Alexa Fluor 488 antibody (Life Technolo-

gies) or an anti-mouse IgM Alexa Fluor 594 antibody (Life

Technologies), respectively. Nuclei were counterstained with

DAPI (Sigma). The cells were examined with a DM IL micro-

scope from Leica.

Statistical Analysis

The results were analyzed with the SigmaPlot software version

11.0 (Systat Software, Inc, Chicago, Illinois). To calculate the

significance of differences between WJ-MSCs and neuro-

spheres of the same experimental groups, the 1-way repeated

measures ANOVA test was performed. To compare neuro-

spheres or WJ-MSCs from term and preterm birth, a t test was

done in the case of normally distributed data and Mann-

Whitney rank sum test in the case of not normally distributed

data. P < .05 was considered as statistically significant.

Results

Characterization of Wharton’s Jelly-Derived Cells as MSCs

According to the minimal criteria for defining MSCs published

by the International Society of Cellular Therapy,21 MSCs have

to adhere to plastic, express specific cell surface antigens, and

exhibit multipotent differentiation potential. To assess whether

the isolated Wharton’s jelly-derived cells match these criteria,

we expanded the cells for 5 passages and analyzed the mor-

phology, phenotype, and multilineage differentiation. Whar-

ton’s jelly-derived cells had a fibroblast-like morphology and

were plastic adherent (Figure 1A). As characteristic for MSCs,

the cells were highly positive for CD105, CD73, and CD90 but

negative for CD45, CD34, CD14, HLA-DR, and CD19, inde-

pendent of gestational age (Figure 1B). To complete the char-

acterization, the cells were cultured in differentiation media

triggering either osteogenesis, chondrogenesis, or adipogen-

esis. Wharton’s jelly-derived cells differentiated toward osteo-

cytes, as shown by Alizarin Red S, which stains calcium

deposits (Figure 1C). Adipogenic induction was demonstrated

by the lipid dye Oil Red O (Figure 1D). The cells differentiated

into chondrocytes, as evidenced by Alcian Blue coloring acidic

mucins, and the expressed type II collagen (Figure 1E and F).

Undifferentiated Wharton’s jelly cells were negative for all

these stainings (data not shown).

Unless otherwise specified, the following experiments were

done with WJ-MSCs derived from both term and preterm birth.

Neuroglial Induction of WJ-MSCs

To enhance the number of Nestin-positive cells, WJ-MSCs

were cultured for 3 days in DMEM/F12 supplemented with

1� N2 and 10 ng/mL EGF (Figure 2A). Subsequent induction

into neural precursors resulted in the formation of cell clusters

growing in suspension, the so-called neurospheres (Figure 2B).

Neurospheres derived from WJ-MSCs of preterm deliveries

were induced into OPC-like cells. The cell clusters attached

to the matrigel-coated dishes and, after 1 day, the cells started

to migrate out of the spheres (Figure 2C). Fourteen days of

differentiation resulted in the formation of the typical bipolar

or tripolar morphology of OPC (Figure 2D) and the expression

of the OPC markers PDGFRa and O4 (Figure 2E and F).

Transcription and Protein Expression of Neuroglial
Markers by Undifferentiated WJ-MSCs

Undifferentiated WJ-MSCs at passage 5 were further charac-

terized by measuring the de novo transcription and the protein

expression of markers characteristic for neural progenitors and

mature neuronal and glial cells (Table 3). The WJ-MSCs from

term and preterm delivery transcribe the stem cell marker

NANOG, the neural progenitor markers Nestin, PAX6,

Musashi-1, and NCAM, and markers characteristic for mature

neurons (MAP-2), mature astrocytes (GFAP), and mature

oligodendrocytes (MBP; Figure 3).

Around 25% of WJ-MSCs from term and 50% of WJ-MSCs

from preterm birth did express Nestin at the protein level

(Figure 4A). Overall, 40% of WJ-MSCs were positive for

Musashi-1, independent of gestational age. However, PAX6

was not expressed. Less than 10% of WJ-MSCs did express

MAP-2, GFAP, and MBP at the protein level (Figure 4A).

Transcription and Protein Expression of Neuroglial
Markers in Neural Progenitors Induced From WJ-MSCs

Overall, the gene expression of neural stem/precursor cell mar-

kers was elevated in neurospheres relative to undifferentiated

WJ-MSC (Figure 3). The messenger RNA (mRNA) levels of

Nestin, Musashi-1, and NANOG were increased in neuro-

spheres compared to undifferentiated WJ-MSC, irrespective

of the gestational week (Figure 3). In neurospheres derived

from preterm deliveries, the transcription of Musashi-1 and

NANOG was more than 8-fold elevated. However, the tran-

scription of NCAM was significantly reduced in neurospheres

induced from WJ-MSCs of term birth compared to undifferen-

tiated cells. The gene expression of PAX6 was not changed in

neurospheres relative to WJ-MSCs. In the preterm delivery

group, the mRNA levels of the neuronal marker MAP-2 were

significantly increased in neurospheres not relative to the

induced WJ-MSCs. The transcription of the glial markers

GFAP and MBP was reduced in neurospheres derived from

WJ-MSCs compared to undifferentiated WJ-MSCs from term

birth, respectively (Figure 3). The mRNA levels of GFAP and

1458 Reproductive Sciences 20(12)



Figure 1. Characterization of WJ-derived cells from term and preterm birth. A, WJ-derived cells were plastic adherent and had a fibroblast-like
morphology. B, At passage 5, WJ cells derived from term and preterm birth were highly positive for CD105, CD73, and D90 but negative for
CD45, CD34, CD14, HLA-DR, and CD19. Data are presented as flow cytometry histograms of a representative experiment. Gray, unstained
control; clear, stained with antibodies as indicated in the figure. C-F, WJ cells at passage 5 were able to differentiate in vitro into osteocytes
(Alizarin Red S, C), adipocytes (Oil Red O, D), and chondrocytes (Alcian Blue, E; Collagen type II, F), as shown by representative microscopic
pictures. WJ indicates Wharton’s jelly. For references to color, please see the online version.
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MBP remained unchanged in neurospheres versus WJ-MSCs

derived from preterm birth.

The protein expression of MAP-2, GFAP, and MBP was

either unchanged or even reduced in neurosphere-like bodies

relative to undifferentiated WJ-MSCs (Figure 4A). Neurospheres

did not express PAX6 at the protein level (Figure 4A). There

were no differences in the protein expressions of Nestin and

Musashi-1 in neurospheres compared to undifferentiated WJ-

Figure 2. Differentiation of human WJ-MSC toward the oligodendroglial lineage. A, WJ-MSCs at passage 5 were used for the differentiation
experiments and cultured in DMEM/F12 supplemented with N2 and EGF for 3 days. B, Preinduction into neurosphere-like bodies in nonadher-
ent conditions and neurobasal medium (B27, EGF, and FGF). C, Once seeded on matrigel-coated dishes, the cells began to migrate out of the
neurospheres. D, After medium replacement with neurobasal medium containing FGF, PDGF, and purmorphamine, cells acquired the typical
bipolar or tripolar morphology of OPCs and were positive for the OPC markers PDGFRa (E) and O4 (F). Representative light and fluorescent
microscopy pictures of the cells observed at each step are shown. DMEM, Dulbecco modified Eagle medium; EGF indicates epidermal growth
factor; FGF, fetal growth factor; OPC, oligodendrocyte progenitor cell; PDGF, platelet-derived growth factor; PDGFRa, platelet-derived growth
factor receptor a; WJ-MSC, Wharton’s jelly-derived mesenchymal stem cells.

Table 3. Analyzed Markers and Their Functions.

Group Protein Description

Pluripotency marker NANOG Transcription factor regulating self-renewal of pluripotent stem cells22

Neural stem/progenitor
markers

Nestin Class VI intermediate filament protein, suggested to be involved in the remodeling of the cytoskeleton23

Musashi-1 Neural RNA-binding protein being involved in neural stem/progenitor cell self-renewal24,25

PAX6 Paired box gene 6
Nuclear transcription factor, thought to control the development of the central nervous system26

NCAM Neural cell adhesion molecule/CD56
Highly glycosylated transmembrane protein suggested to be involved in embryogenesis, development and
cell-cell adhesion between neural cells27

Oligodendrocyte
progenitor markers

PDGFRa Platelet-derived growth factor receptor a
Receptor for PDGF, which is triggering the proliferation and migration of oligodendrocyte progenitor cells28

O4 A sulfatide on the cell surface of pro-oligodendrocytes29

Mature neuron marker MAP-2 Microtubule-associated protein 2
Protein involved in the assembling and growth of microtubules, which are required for neurite formation in
neurons30

Mature astrocyte marker GFAP Glial fibrillary acidic protein
Intermediate filament protein, suggested to play a role in cell shape, mitosis, and communication in
astrocytes31

Mature oligodendrocyte
marker

MBP Myelin basic protein
Second most frequent protein in the central nervous system involved in the myelination of neurons and
suggested to transfer extracellular triggers to the cytoskeleton32
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MSCs. However, the amount of Nestin positive cells was sig-

nificantly higher in neurospheres derived from preterm birth

relative to term delivery (Figure 4A). To validate the results

of Nestin expression, Western blot analysis of 4 WJ-MSC

preparations and their induced neurospheres was done (Fig-

ure 4B). The trend of the Nestin expression of neurospheres

relative to WJ-MSC confirmed the flow cytometry results,

although flow cytometry (percentage of positive cells) and

Western blot (standardized protein expression relative to

WJ-MSC) values cannot be compared directly (Figure 4B).

Comment

We confirmed that human Wharton’s jelly cells, independent of

the week of gestation at collection, correspond phenotypically

and functionally to MSCs.21 Accordingly, the cells were adhering

to plastic, and immunophenotypical analysis using flow cytome-

try revealed the high cell surface expression of the MSC markers

CD105, CD90, and CD73, but the absence of antigens specific for

hematopoietic cells (CD34, CD45, CD19, and CD14) and HLA-

DR. In addition, Wharton’s jelly cells were able to differentiate

into osteocytes, adipocytes, and chondrocytes in vitro.

We demonstrated that WJ-MSCs, independent of gestational

age, express the neural progenitor markers, Nestin and Musashi-

1, as well as markers characteristic for mature neurons (MAP-2),

astrocytes (GFAP), and oligodendrocytes (MBP) at the protein

and mRNA level already before any differentiation. The expres-

sion of neuroglial markers before any induction is a further char-

acteristic that WJ-MSCs share with BM-MSCs. Tondreau et al

reported that BM-MSCs constitutively express Nestin, MAP-2,

and GFAP starting from cell culture passage number 5 in the

absence of any neuroglial induction.33 They described this

expression of proteins from other tissues before any differentia-

tion as ‘‘multidifferentiated’’ initial state, elucidating the strong

bias of MSCs to differentiate in vitro and in vivo.33

Recent studies documented the induction of WJ-MSCs iso-

lated from umbilical cord of term birth into neuronal and glial

cells.15,20,34-36 However, according to our knowledge, informa-

tion about the neuroglial differentiation potential of WJ-MSCs

derived from umbilical cords of children born before gestational

week 37 is missing. Following the differentiation protocol of

Zhang et al, we have shown that WJ-MSCs from term, as well

as preterm birth, were able to differentiate into neural progeni-

tors.15 The cells were growing in suspension and forming clus-

ters, the so-called neurospheres. The neural stem/progenitor

cell-like nature of neurospheres was substantiated by the

enhanced transcription of the key neural progenitor makers Nes-

tin and Musashi-1 and the stem cell marker NANOG as well as

the decreased gene expression of the glial markers MBP and

GFAP, compared to undifferentiated WJ-MSC.

The increased transcription of MAP-2 in neurospheres

derived from preterm delivery relative to undifferentiated

WJ-MSC might imply that we are confronted with a heteroge-

neous population of cells, in which a cell fraction is already

differentiating toward the neuronal lineage.

Most of the genes analyzed were also expressed at the pro-

tein level. However, the upregulated transcription of Nestin,

Musashi-1, and MAP-2 in neurospheres compared to WJ-

Figure 3. Transcription of neuroglial markers by WJ-MSCs and induced neural progenitor cells (neurospheres). Neuroglial gene expression
data by reverse transcription real-time polymerase chain reaction (PCR) of WJ-MSCs at passage 5 and induced neurospheres at passage 7. Data
are presented as mean transcript fold change (2�DDCt) + SEM of cells isolated from 6 different term and 6 different preterm umbilical cords.
*P < .05; **P < .01. WJ-MSC indicates Wharton’s jelly-derived mesenchymal stem cells; SEM, standard error of the mean.
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MSCs could not be confirmed at the protein level of the same

cell culture passage. The analysis of protein expression in

subsequent passages could give more information about the

relation between the gene and the protein expression of the cho-

sen markers. However, correlations between mRNA and pro-

tein levels are only 20% to 40%, making posttranscriptional

regulation, such as mRNA storage in so-called processing

bodies and blocking of translation by mRNA-binding proteins,

a crucial process in protein expression.37,38

The comparison of cells from term and preterm deliveries

shows that neurospheres transcribe higher amounts of neural

progenitor markers such as Nestin and Musashi-1 compared

to undifferentiated WJ-MSC, suggesting that neurospheres are

indeed more committed to the neuroglial lineages than undif-

ferentiated WJ-MSCs. Zhang et al successfully converted neu-

rospheres derived from WJ-MSCs of term birth into OPC-like

cells that are the most vulnerable cells in cerebral white matter

injury in the preterm neonates.3,15 To test whether this applies

Figure 4. Protein expression of neuroglial markers by WJ-MSCs and induced neurospheres. A, The intracellular expression of the immature and
mature neuroglial markers was analyzed in WJ-MSCs (passage 5) and induced neurospheres (passage 7) by flow cytometry of cells isolated from 6
different term and preterm umbilical cords, respectively. Results are shown as mean percentage (+SEM) of cells expressing the respective marker
(*P < .05). B, Western blotting has been done for the Nestin expression of cells isolated from 2 term and preterm umbilical cords. Total protein of
10 mg has been loaded per sample. Nestin was standardized to b-actin and presented as percentage of expression, in which the Nestin expression of
WJ-MSCs was set 100%. SEM indicates standard error of the mean; WJ-MSC, Wharton’s jelly-derived mesenchymal stem cells.
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accordingly for neurospheres derived from WJ-MSCs of pre-

term birth, we induced their differentiation toward OPC-like

cells, using a slightly modified differentiation protocol. We

were replacing sonic hedgehog with purmorphamine, a purine

derivative known to activate the hedgehog pathway.39 Neuro-

spheres differentiated into cells exhibiting the bi-and tripolar

morphology and expressing the characteristic for OPC antigens

PDGFRa and O4.

In conclusion, the presented data suggest 33 that isolated,

undifferentiated WJ-MSCs from term and preterm delivery

remain in a ‘‘multidifferentiated’’ initial state expressing anti-

gens characteristic for immature and mature neural cells at least

up to passage 5 in accordance with Tondreau et al. We show

here that WJ-MSCs from preterm birth are able to differentiate

toward the neuroglial lineage akin to WJ-MSCs from term

birth, strongly suggesting that preterm birth has no substantial

adverse effects on the quality of WJ-MSCs. However, before

clinical application might be considered, extensive work has

to be done assessing the functionality, efficacy, and safety of

WJ-MSCs as cell transplant in animal models, which we are

currently addressing by establishing the intracerebral trans-

plantation of WJ-MSC in a rat model of perinatal brain

damage.17,40
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