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Abstract
The mononuclear fraction of human umbilical cord blood (HUCBmnf) is a mixed cell population
that multiple research groups have shown contains cells that can express neural proteins. In these
studies, we have examined the ability of the HUCBmnf to express neural antigens after in vitro
exposure to defined media supplemented with a cocktail of growth and neurotrophic factors. It is our
hypothesis that by treating the HUCBmnf with these developmentally-relevant factors, we can
expand the population, enhance the expression of neural antigens and increase cell survival upon
transplantation. Prior to growth factor treatment in culture, expression of stem cell antigens is greater
in the non-adherent HUCBmnf cells compared to the adherent cells (p < 0.05). Furthermore, treatment
of the non-adherent cells with growth factors, increases BrdU incorporation, especially after 14 days
in vitro (DIV). In HUCBmnf-embryonic mouse striata co-culture, a small number of growth factor
treated HUCBmnf cells were able to integrate into the growing neural network and express immature
(nestin and TuJ1) and mature (GFAP and MAP2) neural markers. Treated HUCBmnf cells implanted
in the subventricular zone predominantly expressed GFAP although some grafted HUCBmnf cells
were MAP2 positive. While short-term treatment of HUCBmnf cells with growth and neurotrophic
factors enhanced proliferative capacity in vitro and survival of the cells in vivo, the treatment regimen
employed was not enough to ensure long-term survival of HUCBmnf-derived neurons necessary for
cell replacement therapies for neurodegenerative diseases.
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Introduction
HUCBmnf cells are rich in stem/progenitor cells; like bone marrow, HUCBmnf cells are
capable of self-renewal [1], proliferation, subsequent lineage commitment for multiple
differentiated cell types [2] and can be used to reconstitute the blood and immune systems
[3]. Some of these pluripotent mesodermal cells have recently been shown to differentiate into
cells derived from other germ layers both in vitro [4] and in vivo [5]. Therefore, it is not
surprising that HUCBmnf cells express numerous markers of either stemness or neural fate in
vitro such as nestin, Musashi1, Oct-4, TuJ1, NCAM, A2B5, vimentin, GFAP, S100, GalC and
MAP2 [6,7]. Further, these cells express neurotrophic receptors trkB, trkC and p75NTR and
cytokine receptor CXCR4 [7,8]. Upon transplantation of HUCBmnf cells into the
subventricular zone (SVZ), a neurogenic area in the adult brain, they continued to express the
neural markers nestin and TuJ1 [9]. Since the genetic program for hematopoiesis and
neuropoiesis overlap [10], HUCBmnf cells may have the potential to transdifferentiate into
neural cells, especially with exposure to inducing factors.

Previous studies by our group have shown that there are at least two fractions in HUCBmnf
cells—the adherent and non-adherent fractions; this latter fraction can be further subdivided
into cells that freely float within the medium and cells that lightly sit on the top of the adherent
fraction, but do not firmly adhere to it [7]. The adherent fraction is considered to function as
a feeder layer to support the survival of the floating fraction; this feeder layer is analogous to
the mesenchymal cells obtained from bone marrow that give rise to mesenchymal stem cells.
It is, however, the non-adherent fraction that contains most of the proliferating cells and that
we therefore believe contains most of the stem/progenitor cells. HUCBmnf stem cells are
similar to bone marrow-derived adult stem cells within the blood. Unlike embryonic stem cells
with their high proliferative potential and resistance to rejection, which therefore may
contribute to fibrosis and malignancies, these adult stem/progenitor cells are relatively
quiescent under normal circumstances [11]. The intrinsic replication potential of these
quiescent stem cells needs to be stimulated by factors within the environment [12], without
which the cells do not proliferate unrestrained.

In this study, we hypothesized that treatment of the HUCBmnf cells with growth, and
neurotrophic factors could not only increase the number of cells through increased
proliferation, but it could also enhance the ability of these cells to survive and differentiate into
neural cells either in vitro or in vivo. Therefore, we cultured the non-adherent fraction of
HUCBmnf under various culture conditions supplemented with growth and neurotrophic
factors. We also transplanted these stimulated cells into the subventricular zone (SVZ) of 9
month old rats to explore whether the HUCBmnf progenitor cells are able to read specific cues
within the environment to produce appropriate cell types.

Materials and methods
We performed a series of experiments to characterize the effects of growth and neurotrophic
factor treatment on the HUCBmnf.

Experiment 1: cell proliferation of HUCBmnf after growth factor treatment
Preparation of HUCBmnf cultures—Cryopreserved HUCBmnf (supplied by Saneron
CCEL Therapeutics, Inc.) was thawed in a 37 °C water bath as previously described [8]. Cells
were initially suspended in a Dulbecco's modified Eagle's medium (DMEM, Gibco) with 10%
fetal bovine serum (FBS, Gibco) and 0.1% Gentamicin (Sigma) and plated on either four-well
plates (Nunc) or 100 mm dishes (Nunc) at a density of 100 000 cells cm-2. The media were
supplemented as described below. The cells were incubated in 5% CO2 at 37 °C, and a fresh
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medium was added every 4-5 days. Cell viability on plating was determined by trypan-blue
exclusion. Three independent replicates were performed.

Proliferative potential—To explore the proliferative potential, HUCBmnf from one donor
was cultured with a growth medium (GM, table 1) containing DMEM with 10% FBS and 0.1%
Gentamicin, and supplements of growth factors shown to increase proliferation of neural stem
cells (human epidermal growth factor (hEGF, 10 ng ml-1; Sigma), human basic fibroblast
growth factor (hbFGF, 10 ng ml-1; Sigma)), human leukemia inhibitory factor (hLIF, 10 ng
ml-1; Chemicon) and human stem cell factor (hSCF, 10 ng ml-1; Sigma) every 4 days. Under
the control condition, growth factors were excluded from the media. Bromodeoxyuridine
(BrdU, 10 μM; Sigma) was added to the cultures 2 h before fixation. These cultures were then
fixed with 4% paraformaldyhyde (PFA) diluted in a 0.1 M phosphate buffer (PB; pH 7.4) for
10 min at day 7, 14 and 21. The definition of factors used is listed in table 2.

BrdU immunochemistry—Cells were pretreated with 2N HCl at room temperature for 2
h, washed five times in 0.1 M phosphate buffered saline (PBS), incubated with rat anti-BrdU
(Accurate; 1:400) followed by secondary antibodies conjugated to Alexa Fluor 594 (Molecular
Probes; 1:1000). All cultures were examined using Olympus BX-60 or IX-71 microscopes.

Quantitative analysis—To assay the response of HUCBmnf to growth factor stimulation,
the number of BrdU positive (+) cells and the total number of cells were counted (ten fields
per well, two wells/sample) at each time point. The percentage of positively labeled cells was
subsequently calculated and expressed as mean ± standard error of the mean (SEM). Student's
t-test was used to determine the differences between experimental conditions with the criterion
of significance set at p <0.05.

Telomerase activity—Adherent and non-adherent fractions of HUCBmnf cells were
cultured in GM for 14 and 30 days. The adherent and non-adherent cells were harvested, and
the telomerase activity was assessed using the TRAPEZE® XL Telomerase Detection Kit
(Chemicon), according to the manufacturer's protocol. Briefly, the pelleted cells were washed
with 0.1 M PBS, resuspended in a CHAPS XL Lysis buffer (200 μl/105 cells) and incubated
on ice for 30 min. In addition to the samples (SPLs), negative control (heat-treated sample;
SPLC) and telomerase positive control (CTL1), minus telomerase control (CTL2) and PCR/
ELISA positive control (CTL3) were performed for each assay. PCR amplification was
performed as follows. The tubes (samples and controls) were placed in a thermocycler for 30
min at 30 °C. Thirty-six cycles (94 °C/30 s, 59 °C/30 s, 72 °C for 1 min) were performed,
followed by incubations at 72 °C/3 min, 55 °C/24 min and 4 °C. The PCR reactions were
measured using a microtiter plate reader at absorbance 450 nm (fluorescein) and 690 nm
(sulforhodamine). The relative fluorescence units were calculated as absorbance at 450 nm
minus absorbance at 690 nm. When assessed against controls, net increase in the absorbance
for the samples should be greater than 0.15.

Experiment 2: neural induction of HUCBmnf with differentiating factors
To determine the neural potential of HUCBmnf cells, we used two different protocols that
exposed the HUCBmnf cells to factors that would be present during neural development.
HUCBmnf was first cultured in proliferation media, GM, as defined in experiment 1 for 1, 14,
30 or 40 days, and then the non-adherent fraction was collected from these cultures and replated
with a differentiation medium (DM). At all media changes, half the media were removed from
the culture and replaced with fresh media. We used neural induction media which are
conventionally [13] used in primary neural cultures. Two different protocols were adopted in
this study: in the first protocol, we added a combination of factors at once [14]; in the second
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protocol, we modified the first protocol and design to sequentially add factors on the basis of
the physiological role of the individual factors during development (table 2).

First protocol (table 1)—The differentiating media (DM1) were DMEM/F12 (Gibco) with
10% FBS, 0.1% N2, 1% insulin-transferrin-selenium (ITS, Gibco) and all-trans retinoic acid
(RA, 1 μM; Sigma), human nerve growth factor (hNGF, 100 ng ml-1), human glial-derived
neurotrophic factor (GDNF, 10 ng ml-1; Invitrogen). After either 1, 14 or 30 days in GM, the
floating fraction was collected and replated in DM1 for 14 days. These cultures were then fixed
with 4% PFA diluted in 0.1 M PB for 10 min.

Second protocol (table 1)—After 40 days in the GM, the non-adherent fraction, including
floating cells in the media and those cells sitting lightly on the top of the adherent layer, was
lifted by 0.05% trypsin and 0.53 mM EDTA (Sigma), and replated in DM2 for another 14 days.
The base of the differentiating media (DM2) was DMEM/F12 with 10% FBS, 1% N2 and 1%
ITS. Factors and reagents were sequentially added starting with hEGF (10 ng ml-1), hbFGF
(10 ng ml-1), human sonic hedgehog (hSHH, 300 ng ml-1; R&D systems) for the first 3 days
of differentiation. These factors are important for stimulating proliferation [15,16]. These
remaining proliferation promoting factors are gradually also removed to be replaced by factors
that inhibit proliferation and promote differentiation such as all-trans RA (1 μM) [17], N6,2′-
O-dibutyryladenosine 3′,5′-cyclic monophosphate (dbcAMP, 1 mM; Sigma) [18] and hSHH
(300 ng ml-1) for a period of 3 days. Beginning on day 6, neuralizing factors were introduced
into the media. On day 6, BDNF and human fibroblast growth factor-8 (hFGF-8, 10 ng ml-1;
Chemicon) were added to the cultures while hGDNF (10 ng ml-1) and hNGF-β (100 ng ml-1)
were supplied on days 8 to 10. After 14 days, the cultures were fixed with 4% PFA diluted in
0.1 M PB for 10 min. The definitions of factors used in this section are listed in table 2.

Immunocytochemistry—The cultured HUCBmnf cells were immunocytochemically
labeled to detect cell-type-specific antigen expression. After washing three times in 0.1 M PBS,
cells were blocked with 10% goat serum with 1% Triton X100 at room temperature (RT) for
1 h. Cells were then incubated with primary antibodies (table 3): rabbit anti-trkB (1:2000;
Chemicon), mouse anti-trkA (1:2000; Chemicon), mouse anti-trkC (1:2000; Chemicon),
mouse anti-p75NR (1:300; Chemicon), mouse anti-human nucleoli (1:30; MAB 1277,
Chemicon), mouse anti-Oct-4 (1:100; R&D), mouse anti-human mitochondria (1:30;
Chemicon), rabbit anti-neuronal class III β-tubulin (TuJ1, 1:1000; Covance), rabbit anti-
microtubule-associated protein 2 (MAP2, 1:1000; Chemicon), mouse anti-synaptophysin
(1:1000, Chemicon), rabbit anti-glial fibrillary acidic protein (GFAP, 1:500; Dako), anti-
CNPase (1:100 Chemicon), mouse anti-human CD34 (hematopoietic stem cell antigen), CD4
(T-cell), CD44 (hematopoietic cellular adhesion molecule) and CD45 (common leukocyte
antigen) (all at 1:50; BD PharMingen), mouse anti-human CD56 (neural cellular adhesion
molecule) (1:50; Chemicon), mouse anti-nestin (1:100; BD Transduction), rabbit anti-Ki67
(proliferation marker) (1:1000; Chemicon). After 24 h incubation with primary antibodies,
appropriate secondary antibodies (Alexa Fluor 594 (1:600) and 488 (1:1000); Molecular
Probes) were used. Vectashield with DAPI (Vector Laboratories) was added to the fixed
cultures to prevent fading during photomicroscopy as well as to aid in visualization of cell
nuclei. All cultures were examined using Olympus BX-60 or IX-71 microscopes.

Quantitative analysis—The number of cells positively labeled for specific antigens and the
total number of cells were counted and statistics performed as described in experiment 1. The
total number of counted cells for each antigen ranged from 2500 to 3500.
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Experiment 3: co-culture of HUCBmnf with mouse embryonic striatal cells
The goal of this study was to determine in a simple model system how HUCBmnf cells interact
with neural cells. Therefore, we co-cultured non-adherent cells from HUCBmnf with
embryonic mouse striatal cells.

HUCBmnf cells were grown in a NeuroCult® medium with human proliferation supplement
(StemCell Technologies) with hEGF (10 ng ml-1), hFGF (20 ng ml-1) and heparin (20 ng
ml-1; StemCell Tech) for 40 DIV and then harvested in preparation for co-culturing with mouse
embryonic striatal cells (E14, catalogue number 00330, StemCell Technologies). The mouse
cells were thawed 24 h prior to co-culturing in a 37 °C water bath and then suspended in a
mouse NeuroCult® medium (StemCell Technologies) with mouse proliferation supplement
(StemCell Technologies) and hEGF (20 ng ml-1) for 1 day. The mouse and human cells were
then co-cultured in mouse NeuroCult® media supplemented with differentiation supplement
(StemCell Technologies) and hNGF (100 ng ml-1), hFGF8 (10 ng ml-1) and RA (1 μM) for 7
days. In some instances, the HUCBmnf cells were pre-labeled by a CM-DiI cell tracer
(Molecular Probes, 5 μM in culture media). Initial viability and quantification was determined
by trypan-blue dye exclusion. Upon conclusion of the study, the cells were fixed with 4% PFA
diluted in 0.1 M PB for 10 min. Immunocytochemistry and quantification of cells positively
labeled for nestin, TuJ1, MAP2 and GFAP were performed as described in experiment 2.

Experiment 4: transplantation of HUCBmnf treated with growth factors
In previous studies, we have found that only a small percentage of untreated HUCBmnf cells
transplanted into the neurogenic SVZ of normal neonate and young adult rats survive and few
of these are differentiated into neural-like cells [41]. In this study, we hypothesized that
pretreating these cells with growth factors would enhance survival of these cells within the
SVZ of adult rats and increase the number of cells that differentiated into neurons.

Animals—Transplantation experiments were performed on 9 month old adult Fisher 344 rats
(NIA, Bethesda, MD) weighing 400-510 g (n = 8). The animals had ad libitum access to food
and water and were housed in pairs in a temperature-controlled room (22 °C) on a 12 h light/
dark cycle. This study was conducted under the oversight of the University of South Florida's
Institutional Animal Care and Use Committee and adhered to the federal guidelines set forth
in the Guide for the Care and Use of Laboratory Animals.

Cell preparation—Cryopreserved HUCBmnf were cultured in DMEM supplemented with
10% FBS supplied with hEGF (10 ng ml-1), hFGF (10 ng ml-1), hLIF (10 ng ml-1) and hSCF
(10 ng ml-1) for 40 days. A fresh complete medium was added every 5 days. Non-adherent
cells including the floating and sitting fractions were then harvested and suspended in a Hank's
balanced salt medium (Gibco) at a concentration of 50 000 cells μl-1. Cell viability ranged
between 90% and 95%.

Cell transplantation—After anesthetization with isoflurane (Halocarbon Lab) at 2-5% in
O2 at 2 l min-1, the animals received a unilateral stereotaxic injection of cells (100 000 cells
in 2 μl). Cells were implanted unilaterally into the right SVZ (anteroposterior (AP): 1.6,
mediolateral (ML): 1.5, dorsoventral (DV): -4.2, with toothbar set at -2.3 [41] at a rate of 0.5
μl min-1. The needle then was withdrawn after being left in place for 3 min. The incision was
closed with surgical suture (3.0, Dexon). Cyclosporin A (10 mg kg-1, i.p.) was administered
beginning on the day of surgery and continuing for the duration of the study. In addition, an
antibiotic (Baytril, 0.15 ml, i.m.) and analgesic (Ketofen, 0.05 ml, i.m.) were also administered
on the day of surgery. Animals were euthanatized 3, 7, 14 or 21 days after transplantation.
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Tissue processing—Animals were transcardially perfused with 0.1 M PB followed by 4%
PFA in PB. The brains were post-fixed for 24 h and cryopreserved in 30% sucrose for 48 h,
embedded in tissue freezing compound (TBS), and cryosectioned in the sagittal plane at 30
μm thicknesses. To verify graft localization in the brain, every sixth section was Nissl stained
with 0.1% cresyl violet 30 s, dehydrated and coverslipped with Permount (Fisher Scientific).
For immunohistochemistry, sections containing grafts were selected and processed to identify
human-specific antigen (human mitochondria or nucleoli) and double stained with neural-
specific markers (TuJ1, GFAP, MAP2).

Results
Experiment 1: cell proliferation of HUCBmnf after growth factor treatments

Characteristics of the HUCBmnf cells—Several important immature hematopoietic and
neural markers that play a role in hematopoiesis, stemness and neurogenesis were detected in
non-adherent cultures, including CD117 (4 ± 1%), CD34 (29 ± 3%) nestin (23 ± 1%) and TuJ1
(2% ± 1%), these immature antigens were observed more often in the non-adherent fraction
than in the adherent fraction. Conversely, the expression of the common leukocyte marker
CD45 (figure 1(c) in panel A) declined over time in culture in the non-adherent fraction (figure
1 panel B). We also observed that a large number of cells expressed CD56 (NCAM; figure 1
(b) in panel A). NCAM plays an important role in cell migration and process innervation during
embryogenesis in addition to contact-mediated interactions between neural cells [42].

In addition to these early markers of embryonic, hematopoietic and neural stem cells, the
HUCBmnf cells have a defined morphology when cultured. HUCBmnf cells were usually
observed as three layers after culturing in a serum containing medium (DMEM with 10% FBS).
These layers were (1) an adherent layer, which was usually formed by days 5-10 during culture,
that mainly consisted of bigger flat cells that attached tightly to the culture dish and did not
proliferate. This layer was previously found to mainly consist of fibroblasts, macrophages,
endothelial cells and several extracellular matrix proteins [43]. (2) The cells in the layer that
was loosely resting upon the adherent layer were small and round while the adherent cells were
big and flat (adherent cells; figure 2(a); see arrows). Viability of these cells which formed
clusters and usually appeared on days 7-40 in culture was high. Compared to the adherent cells,
these cells exhibited greater proliferative capacity and potential to differentiate into multiple
phenotypes. (3) The floating layer consisted of a large number of small cells that were mainly
CD34+ cells and that floated in the supernatant of the HUCBmnf cultures, indicating that these
were hematopoietic stem cells [7].

Proliferative potential measured with Oct-4 and BrdU histochemistry—We used
two assays to examine the proliferative potential of the HUCBmnf cells—
immunohistochemical labeling for Oct-4 and BrdU incorporation into proliferating cells. In
both sitting and floating subfractions of the non-adherent layer, the majority of cells (93 ± 6%)
were Oct-4+ (figures 2(b), (c) (see arrows) and (d) (red), and figure 1(f) (green) in panel A).
BrdU+ cells were observed in both adherent and non-adherent fractions after 14 days in culture
(figure 3 panel B) under standard culture conditions. When the non-adherent cells were treated
with GM (EGF, bFGF and LIF), we detected 5% BrdU+ cells on day 7, 17% BrdU+ cells on
day 14, and 10% on day 21 (figure 3(c) in panel A). There was a peak five fold increase in
proliferation in the growth factor treated group on day 7. These non-adherent HUCBmnf cells
retained morphologic heterogeneity when cultured in DMEM without growth factors (figure
3(a) in panel A) as did GM-treated cultures (figure 3(b) in panel A). After replating, these non-
adherent cells rapidly adhered and differentiated, especially the cells in the GM-treated
cultures.
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Telomerase activity—When we examined the telomerase activity in both fractions
(adherent and non-adherent) of HUCBmnf before and after treatment of growth factors, we
only observed a significant change in activity in SPL5, the non-adherent HUCBmnf cells,
exposed to growth factors (figures 4(a) and (b); ΔA = 0.3).

Experiment 2: neural induction of HUCBmnf with differentiating factors
We used two experimental protocols in this experiment to examine the ability of growth/trophic
factors to induce HUCBmnf cells' neuralization.

First protocol—In this experiment, cells were grown in growth media up to 40 days and then
exposed to DM1 differentiation media in which we completely withdrew proliferation-
promoting agents and simply added all neurotrophic factors at once. Under this protocol, the
cellular morphology of the HUCBmnf cells changed with time and culture condition. Cells
from the non-adherent fraction of HUCBmnf cells after 1 DIV were as heterogeneous as the
full (untreated) HUCB population in culture (figure 5(a) in panel A); as time in culture increased
to 14 DIV (figures 5(c) and (d) in panel A), differentiated cells with multiple cellular processes
were clearly visible compared to small round cells present in culture after 1 DIV (figure 5(a)
in panel A). After 30 DIV with DM1, differentiated cells were bipolar with long processes
(figure 5(b) in panel A). The morphology of these cells was reminiscent of neurons and
astrocytes.

When we examined the immunophenotypes of these cells, we found that most of the cells
(90%) were differentiated with only a few cells (10%) still expressing the proliferative marker,
Ki67 (figure 5(a) (green) in panel B). CD45 was still expressed in 58 ± 4% of the untreated
cells (CD45; figure 5(b) (red) in panel B). Some of these CD45+ cells were also positive for
the early neural marker, vimentin (figure 5(b) inset, CD45 (red) and vimentin (green) in panel
B). While all cultures in DM1 did have cells positive for the immature neural markers nestin
(figure 5(c) (red) in panel B) and TuJ1 (figure 5(d) (green) in panel B), they were few and far
between; cells that contained either of these markers generally co-expressed the glial marker,
GFAP (figures 5(c) (green) and (e) (green) in panel B). GFAP was observed in most of the
cells from the replated non-adherent fraction in DM1.

Second protocol—In this protocol, the non-adherent cells were first cultured in GM for 40
days and then cultured in DM2 differentiation media, in which specific factors were
sequentially added over time. After 14 DIV in DM2, clusters of bipolar cells with long
processes that formed an interconnecting network covered the cell culture dish (figure 5(d) in
panel A). Interestingly, when we examined these cells for the expression of neural markers,
30% of the cells were positive for the mature neuronal marker MAP2 (figure 5(g) (green) in
panel B), some of them (5 ± 0.6%) expressed synaptophysin (figure 5 inset (red) in (g) in panel
B). This is in contrast to the observations with DM1 cultured cells, very few of which expressed
early neuronal markers let alone mature markers (table 4). Table 4 depicts the antigen profile
when HUCBmnf cells were cultured in DM1 or DM2.

Experiment 3: co-culture of HUCBmnf with mouse embryonic striatal cells
In order to learn more about how the HUCBmnf cells would interact with primary neural cells,
we co-cultured non-adherent cells from HUCBmnf with embryonic mouse striatal cells in a
NeuroCult® medium with human proliferation supplement (StemCell Technologies) and
hEGF, hFGF and heparin for 40 DIV. The embryonic striatal cells (E14) were cultured for 1
day within a defined culture medium before the 40 DIV cultured HUCBmnf cells were added
to the embryonic striatal cell culture. The CM-DiI labeled 95% of HUCBmnf cells (figure 6
(a) in panel A). However, the CM-DiI at the concentration used adversely affected the cells,
so we also used immunocytochemistry for human nucleoli and human mitochondria to
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distinguish the human cells from the mouse cells. We found that a small number of HUCBmnf
progenitor cells (1%) integrated with mouse striatal cells and developed into cells expressing
neural antigens. These cells expressed the neuronal markers TuJ1 (figure 6(c) in panel A) and
MAP2 (figure 6(d) in panel A).

Experiment 4: transplantation of HUCBmnf treated with growth factor
In this study, we wished to determine whether treatment of the HUCBmnf cells with growth
factors would increase survival and neural differentiation when these cells were transplanted
into the adult brain of a rat. After transplantation, rats survived for either 3, 7, 14 or 21 days.
Only half the animals had surviving grafts at each time point. In those animals that had surviving
grafts, the cells were visible within SVZ and RMS (figure 6(a) in panel B).
Immunohistochemical staining with specific markers for human mitochondria confirmed these
cells as human. Grafted cells were found around the injection site of those animals with both
shorter survival times (3 days) and longer times (figure 6; 14 and 21 days). By 21 days post-
transplant, few cells were observed within the injection tract, but the cells were migrating along
the RMS (figure 6(a) in panel B). When we counted the number of cells within these grafts,
only 0.3%, 1.2%, 0.5% and 0.3% of the 10 000 cells transplanted were observed after 3, 7, 14
and 21 days. Of the surviving human cells in the animals that survived for 14 and 21 days,
approximately 10% were MAP2+ with one or two long processes (figures 6(b) (arrows) and
(d)-(f) (arrows) in panel B) were found while 50% were GFAP+ (figures 6(c) (green,
arrows) and (g)-(j) (green, arrows) in panel B).

Discussion
Compared to the adherent fraction, the cultured non-adherent HUCBmnf cells contain more
cells expressing stem/progenitor antigens such as CD133+, and CD117+ cells [44] as well as
cells that express immature neural markers [7]. The adherent cells in our cultures usually
developed and formed a feeder layer [45] which may play an important role in supporting the
long-term survival of the non-adherent HUCBmnf cells. Adherent cells isolated from bone
marrow have been shown to give rise to mesenchymal stem cells [46], they can be expanded
in culture and are able to differentiate into cells from all three germ layers. However,
mesenchymal stem cells derived from adherent HUCBmnf have more mesengenic than
neurogenic potential [47], even when the cells were transplanted into developing rat brain
[48]. In our previous study in vivo, we transplanted non-pretreated HUCBmnf cells into young
and ageing rodent brain, found that the survival of grafted HUCBmnf cells was restricted after
1 week although immuosuppression treatment was performed [41]. We therefore selected the
non-adherent HUCBmnf cells to study further. When these cells were exposed to a neurogenic
environment through treatment with growth factors and neurotrophins, they had increased
proliferation, expression of neural antigens and survived longer in vivo.

HUCBmnf cells' neuralization potential
Besides traditional hematopoietic stem/progenitor cells such as CD34+, CD133+ and
CD117+ cells which have a demonstrated pluripotency and can express antigens normally
expressed by cells derived from other lineages [1,49], solid evidence has also revealed the
existence of non-hematopoietic stem/progenitor cells in HUCBmnf [50]. These non-
hematopoietic stem/progenitor cells can spontaneously express the immature neural markers
nestin, TuJ1, A2B5 and GFAP at a low frequency in the original culture without any specific
induction factors. This may imply that this cell subpopulation has the potential to develop
toward neural-like cell lineages. In support of this is the observation that some differentiated
cells derived from HUCBmnf cells exhibited the mature neuronal marker, MAP2, with typical
neuronal morphology, even though they were cultured with a regular serum-containing
medium [7]. While the MAP2 expression is suggestive that neuronal antigens are present on
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the cord blood cells [51] and further that these cells are developing a structural polarity and
functional compartmentalization similar to that of neurons, this has not been definitively
demonstrated in vivo. Current evidence of function is limited to demonstration of the presence
of voltage and ligand gated channels [50] on HUCBmnf-derived cells, and expression of a
multitude of neurotransmitters [52]. Even so, these studies do not address structural polarity
or functionality.

Effect of culture conditions on HUCBmnf progenitor cells
Effect of growth factors—Oct-4 antigen was expressed in 92% of the non-adherent
HUCBmnf cells in contrast to only 14% in the adherent HUCBmnf cells. Oct-4 antigen is
generally associated with totipotent embryonic stem and germ cells [53] and plays an important
role in stem cell self-renewal and pluripotency that controls lineage commitment [54]. Whether
the Oct-4 positive HUCBmnf cells are capable of differentiating across the three germ layers
with or without specific inducing factors, needs to be investigated. It is therefore not surprising
that there were more BrdU+, proliferating cells in the non-adherent HUCBmnf fraction.
Further, it is encouraging that these cells were responsive to growth factor treatment. The
number of BrdU incorporating cells in non-adherent HUCBmnf cells after 7 days of treatment
with growth factors EGF, bFGF, LIF increased five fold.

In humans, telomerase activity, especially in the core catalytic subunit of telomerase, hTERT,
is almost undetectable in normal somatic cells. The exception to this is proliferative cells of
tissues that can undergo self-renewal [55]. For example, telomerase activity is high in
hematopoietic stem cells. In this study, we only detected positive telomerase activity in day 14
non-adherent HUCBmnf cells treated with growth factors (hbFGF. hEGF, hLIF and hSCF).
Meanwhile, the adherent fraction was negative for telomerase activity as were the day 30 non-
adherent fraction samples regardless of growth factor treatment. Therefore, telomerase activity
appears to be positively correlated with proliferation since telomerase activity was highest at
14 DIV, the time when we observed the most BrdU positive cells, and was non-existent at 30
DIV when proliferation was occurring at a slower rate. Similar findings have been reported by
Stojko et al [56].

Effect of neurotrophic factors—We have previously shown that some progenitor cells
from HUCBmnf may be able to differentiate into neural cell types [57]. The effect of the growth
and differentiation media on the non-adherent HUCBmnf cells depended on the length of time
in culture and the exposure to NGF, GDNF, RA and dbcAMP. When the HUCBmnf were
grown for only 1 DIV after thaw in GM, the cells did not thrive when replated in either DM1
or DM2. For that reason, we extended the length of time the cells were cultured in GM up to
40 days. Further, the neural media (DM1 and DM2) were not optimal for the growth of
hematopoietic cells. Those cells that did survive, however, exhibited a more neural morphology
and immunophenotype. Fifty-eight ± 4% of these cells were CD45 negative, suggesting that
they had lost their hematopoietic phenotype. When we examined whether there is co-
localization of neural and hematopoietic markers in some of the cord-blood-derived cells, we
do observe co-localization but this usually occurs with early neural markers [7] as opposed to
more mature markers. For example, cells from shorter term cultures (14 DIV with growth
factors treatment) mainly expressed GFAP and some of those cells co-expressed nestin or TuJ1
with the GFAP. One explanation is that these double labeled cells were caught at a transition
stage in their development where antigen expression for GFAP was decreasing while neuronal
antigens were increasing [58]. Cells from cultures grown longer in GM (30-40 DIV), however,
developed longer processes and formed networks resembling primary neuronal cultures. Some
of these cells (5 ± 0.6%) were also positive for synaptophysin. While cells in culture with both
DM1 and DM2 for 30 DIV both developed networks of interconnecting cells, it was only the
cells in DM2 that expressed MAP2, a marker of more mature neurons. The cells exposed to
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DM1 for 30 DIV expressed GFAP and early neural markers such as nestin and TuJ1. Therefore,
the fate of the non-adherent HUCBmnf cells is influenced by both extrinsic cues (neurotrophic
factors) and intrinsic cues (genetic predisposition) and these cues may change with time [59].

The nature of the stem cell in cord blood capable of producing a `neuron' is not clear. In a
recent review of cord blood biology, Broxmeyer [3] presents evidence that there are
hematopoieitic stem cells, mesenchymal stem cells, hematopoietic progenitors, endothelial
progenitors and immune cells present within the cord blood. While HSCs reside within the
CD34+ cell population and have been extensively characterized, a profile of specific antigenic
expression of mesenchymal cells is not yet well-established, leading to isolation of these
`MSCs' based on lineage negativity or adhesive properties. This has led to contradictory reports
as to whether these stem cells are [60] or are not present in cord blood [61]. Within bone
marrow, the MSCs are isolated based on their adherence to plastic and it is these cells that have
been shown to `transdifferentiate'. Similarly, neural-like cells have been derived from CD34-

cells [62] in cord blood. However, the CD34+ population of HSCs is itself a heterogeneous
population. Another primitive stem cell marker is CD133. CD34+/CD133+ cells have been
isolated from cord blood, and these cells have higher efficacy in repopulating the immune
system of NOD/SCID mice [63] than CD34+/CD133- cells. These cells also can
`transdifferentiate' into neural cells [64]. Further, neural stem cells also express a form of
CD133 [65].

Effect of neural cells on HUCBmnf cell development—Previous studies from our
group have demonstrated that HUCBmnf cells expressed neural features when transplanted
into the brains of both neonatal [8] and senescent rats [41]. However, in the adult brain, upon
thaw, the full population of HUCBmnf only survived for 3 to 7 days. This is problematic if we
hypothesize that HUCBmnf must exert their effects by developing into neural cells and
integrating into the existing neural circuitry of the brain. We first pretreated non-adherent
HUCBmnf cells with growth factors and began this set of studies to examine the interaction
of the non-adherent HUCBmnf cells with embryonic mouse striatal cells (E14) in vitro. The
contact co-culture system has been used for observing and verifying the interaction of varied
cell types [66], although not specifically for hematopoietic and neural cell interactions. In our
study, we used a contact co-culture system to observe in vitro the morphological changes and
the expression of immunophenotypes of HUCBmnf cells in such culture condition and
interconnection between HUCBmnf cells and primary neural cells. It is supposed to further
confirm that HUCBmnf cells are able to survive with primary neural cells and to integrate into
neural networks. Few of these cells were observed to differentiate into neural phenotypes in
this co-culture system and form connections with the mouse neural cells. Some of them
expressed neuronal-specific markers TuJ1 and MAP2 with typical neuronal morphology.

It has been suggested that cell fusion is a more likely explanation of the expression of neural
antigens by the HUCBmnf cells. The original cell fusion events were described in relation to
bone marrow-derived cells fusing with embryonic stem cells [67] but these events have also
been described for hepatocytes, cardiomyocytes [68] and neurons [69]. There are also reports
that cord blood cells can fuse with hepatocytes [70] and cardiomyocytes [71], although there
is evidence that the HUCBmnf cells also appear to transdifferentiate in these models as well.
However, fusion appears to be model-specific since fusion was not a major component of cord
blood integration in the gastrointestinal tract [72]. Unfortunately, while the method we chose
to identify the HUCBmnf cells in the brain after transplantation labeled the entire cell body
and helped us to define the cellular morphology as well as cell survival, it could not address
the issue of whether these cells contain genetic material from both the human and rat.

While pre-labeling the cells with a neuronal tracer has the advantage of putting an easily
identifiable cell into the brain, there is also the disadvantage that the dye may be taken up into
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adjacent cells in contact with the labeled cell, particularly if the transplanted cell dies [41]. We
have tried multiple tracers to identify the cord blood cells, with the common result that the cells
do not retain the label for more than a few days (unpublished observation). An alternative
would be to transfect the cells with GFP, but the efficiency is not necessarily very high [73].

In vivo, the transplanted HUCBmnf cells were recognized by expression of human
mitochondrial proteins. Within the SVZ, we found that grafted cells migrated along the SVZ
to rostral migratory stream, survived for 14 and 21 days, and mostly expressed the glial marker,
GFAP. Occasionally, MAP2 positive cells were observed with processes. MAP2 is a marker
for mature neurons with anatomical and functional polarity. These grafted MAP2 positive cells,
although they are few in number, may imply that these cells are trying to make appropriate
functional connections with the host cells. Compared to similar studies from our group [41]
and others [48], in which those cells derived from either non-pretreated or adherently growing
HUCBmnf cells did not express the neuronal marker MAP2 in vivo, the results of this study
suggested that growth factor pretreatment can enhance not only the survivability but also the
potential for neuralization in vivo. The SVZ is one of the two principal neurogenic regions
present in the brain across the lifespan [74]. Recent studies suggest that GFAP positive
astrocytes within these areas may be primary neuronal precursors and develop into interneurons
during migration, although some do retain their glial phenotypes [75]. While the grafted
HUCBmnf cells did migrate, they did not migrate long distances. We do not know the ultimate
fate of these grafted, GFAP+ cells, whether they survived in the host brain, whether they
remained GFAP positive or developed further. If they behaved like neural progenitors, then
they may have remained quiescent, out of the cell cycle, until stimulated by the local
environment [76]. Compared to those HUCBmnf cells without pretreatment which failed to
survive longer than a week in vivo, the ability of pretreated HUCBmnf cells to survive in the
host brain has been enhanced. Even so, the similar cell survival rate at all time points after
grafting suggests that the cell loss is the result of a slow rejection of the xenograft, but may be
something more akin to hyperacute rejection or anoikisis.

In summary, stem/progenitor-like cells derived from non-adherent HUCBmnf can rapidly
respond to extrinsic growth or trophic factors with increased proliferation. At the same time,
these growth factor pretreated cells were more prone to neuralization, suggesting that they can
read cues from the neurogenic environment; this is further supported by the observation that
they survived in vivo and subsequently attained features of neurons and glia. Recent reports
further revealed that the non-hematopoietic fraction of HUCBmnf cells can functionally
differentiate into neural-like cells with voltage- and ligand-gated channels similar to those
found in primary neural cells [50], and CD34 deprived fraction of HUCBmnf cells was able
to be driven toward neural lineage [51]. Further, HUCBmnf-derived stem cells have been used
to establish a neural-like cell line [77].

HUCBmnf cells are being examined in experimental models of brain injury and disease such
as stroke [78,79], injured spinal cord [80], ALS and Sanfilippo syndrome B [81] where they
have been shown to migrate to damaged brain and improve functional outcomes. Their
effectiveness, however, does not solely rely on their ability to replace lost neurons, but is also
a function of how the cells modify the local brain environment, decreasing inflammation,
providing trophic support and inducing angiogenesis and neurogenesis. The therapeutic
potential of these cells remains largely untapped and will be the focus of investigation in the
future.
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Figure 1.
Expression of immature hematopoietic and neural antigens in the HUCBmnf non-adherent
fraction. Panel A: representative photomicrographs of replated non-adherent HUCBmnf cells
that express immature hematopoietic and non-hematopoietic markers after 14 DIV. (a) 29 ±
3% of CD34 positive (+) small round cells (red) were found. In addition, many CD56 (NCAM)
immunoreactive cells were also found (b). (c) While 58 ± 5% of the non-adherent cells still
expressed common leukocyte antigen CD45 (green), 93 3% of the adherent HUCBmnf cells
were positive for CD45, suggesting that they maintained their hematopoietic heritage. A
number of cells in the non-adherent HUCBmnf were negative for this antigen. (d) The immature
neural marker, nestin, (red) as well as early neuronal marker TuJ1 ((e), red) were expressed.
(f) The majority of the replated non-adherent HUCBmnf cells (93 ± 6%) were immunopositive
for the stem cell marker Oct-4 (green). DAPI (blue) counterstaining was used to visualize all
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nucleated cells in the culture. Scale bar = 50 μm (a), (b), (d), (e) and (f), and 20 μm in (c). Panel
B: after 14 DIV, the expression of immature hematopoietic markers (CD117 and CD34) and
the neural marker, nestin, was greater in the non-adherent HUCBmnf cells compared to the
adherent cells while the hematopoietic markers (CD45 and CD56) were predominantly found
in adherent cells. Significant differences between the two groups were assessed by Student's
t-test (*p < 0.05, **p < 0.001).
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Figure 2.
HUCBmnf cells in the non-adherent fraction express an early stem cell antigen. (a) A
brightfield photomicrograph showing the small, round non-adherent HUCBmnf cells
(arrows) sitting on the larger, adherent egg-like cells after 8 DIV. (b) and (c) Fluorescent
photomicrographs indicated that these small, round cells expressed Oct-4 (green, arrows),
while the bigger egg-like adherent cell was negative for Oct-4. DAPI (blue) was used to
visualize cell nuclei. (d) The floating fraction from the identical HUCBmnf culture contained
mostly Oct-4 positive, undifferentiated cells (red, arrows) shortly after replating for 1 DIV in
DMEM with serum. Scale bar = 20 μm in (a); 50 μm in (b) and (c); 200 μm in (d).
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Figure 3.
Proliferative capacity of non-adherent HUCBmnf after 10 DIV with or without growth factors.
Panel A: (a) brightfield photomicrograph of HUCBmnf cultured for 10 DIV without growth
factors. The culture in (b) was treated with hEGF and hbFGF. BrdU+ cells were found in both
the non-treated (c) and growth factor treated (d) cultures. The insets in (c) and (d) show BrdU
labeled cells at higher magnification. Scale bar = 50 μm in (a)-(d), and 20 μm in inset of (c)
and (d). Panel B: the proliferative capacity of the non-adherent cells tended to be greater than
in the adherent HUCBmnf cells at 14 DIV (p = 0.06). Panel C: within the nonadherent fraction,
treatment of the cultures with growth factors increased BrdU incorporation into the cells.
Significant differences between the two groups were assessed by Student's t-test (*p < 0.05,
**p < 0.001).
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Figure 4.
Telomerase activity in adherent and non-adherent HUCBmnf cells before and after treatment
of growth factors. (a) Telomerase activity in relative absorbance units of all samples (black
column) and their negative controls (heat-treated samples; white column). Sample 1 (SPL1)
and sample 2 (SPL2)-adherent HUCBmnf cells (14 DIV) with or without growth factors
treatment; sample 3 (SPL3) and sample 4 (SPL4)-adherent HUCBmnf cells (30 DIV) with or
without growth factor treatment; sample 5 (SPL5) and sample 6 (SPL6)-non-adherent
HUCBmnf cells (14 DIV) with or without growth factors treatment; sample 7 (SPL7) and
sample 8 (SPL8)-nonadherent HUCBmnf cells (30 DIV) with or without growth factors
treatment. CTL—telomerase positive control. (b) Telomerase activity standardized for activity
in the heat-treated samples. Only ΔA values of SPL5 and CTL are more than 0.15.
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Figure 5.
Morphology and immunophenotypes of HUCBmnf non-adherent fraction exposed to growth
factors and re-cultured with defined differentiation media. Panel A: (a) Brightfield
photomicrograph of non-adherent HUCBmnf cells cultured for 1 DIV and then re-cultured in
DM1 for up to14 days. These cells retained the heterogeneous morphologies seen in cultures
of full HUCBmnf. (b) Cells that were cultured for 30 DIV prior to replate in DM1 for another
14 DIV, were bipolar with small cell bodies and had long thin processes that formed a network.
The occasional large egg-shaped cell, usually found in the adherent fraction, was also noted.
(c) When cells were cultured in GM for 14 DIV prior to culturing with DM1 for 14 DIV, the
cells became larger with multiple dendrite-like processes. (d) When the HUCBmnf were pre-
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cultured for 40 DIV and then replated in DM2 for 14 DIV, the cell bodies had one or two long
processes, interconnecting to form a network similar to (b). Scale bar = 50 μm in (a) and (b),
20 μm in (c) and (d). Panel B: immunophenotypes of cultured non-adherent HUCB mnf. When
these cells were pre-cultured for 14 DIV in GM and then replated in DM1 for 14 DIV, (a) Ki67
labeled nuclei (green, arrows) were visible within well differentiated cells. The inset shows
the same Ki67 labeled cells under fluorescent illumination. (b) CD45+ expression was still
present in these cultures (arrows). Some of these cells co-expressed vimentin (inset; CD45:
red and vimentin: green). (c) Mostofthe cells (85 ± 4%) expressed the glial marker, GFAP
(green). A small number of cells (12 ± 6% in this culture co-expressed GFAP and immature
neural marker, nestin (GFAP: green and nestin: red; arrows). (d) few TuJ1+ cells (1 ± 0.7%,
green, arrows) were detected in the culture and some of these co-expressed GFAP (e) (TuJ1:
red and GFAP: green, arrows). (f) MAP2+ cells (green, arrows) were found in the HUCBmnf
cultures maintained in GM for 40 DIV and then re-cultured in DM2 for up to 14 DIV. Some
cells cultured under this condition were positive for synaptophysin (inset, red, arrows). Blue
counterstaining was done with nuclear DAPI (blue). Scale bar = 50 μm in (a), (g) and inset in
(a) and (g); 100 μm in (b)-(f).
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Figure 6.
HUCBmnf non-adherent cells co-cultured with mouse embryonic striatal cells in vitro or
grafted into rat brain. The HUCBmnf cells were cultured with growth factors for 40 DIV and
then co-cultured with E14 mouse striata (ST). Panel A: (a) most cells (95%) were labeled by
a CM-DiI cell tracer (red) before co-culture. The inset shows in greater detail CM-DiI pre-
labeled cells at higher magnification (100 μm); (b) phase contrast/fluorescent photomicrograph
showing a CM-DiI pre-labeled HUCBmnf cell surrounded by unlabeled mouse striatal cells.
(c) Some cells (2%) co-expressed TuJ1 (red) and human mitochondrial antigen (green). (d) A
few cells (1%) were positive for both MAP2 and human mitochondrial antigen (yellow). Panel
B: photomicrograph of non-adherent HUCBmnf cells exposed to growth factors prior to
transplantation into the SVZ of adult rats. (a) Fluorescent photomicrograph of sagittal brain
section of a 9 month old rat showing surviving HUCBmnf cells within the SVZ to RMS. These
cells were distributed around the injection site in a rat that survived 21 days post-
transplantation. (b) The same photomicrograph as in panel A, but showing that some of the
human mitochondrial labeled cells (red) within the RMS express MAP2 (green). (c) Some of
these cells express both human mitochondrial antigen (red) and GFAP (green). (d) This is a
higher magnification view of the area highlighted by small arrows in (b) in panel B. A
MAP2+ cell with a long thin process (green; arrows) is clearly visible. (e) The same cell as in
(d) is also labeled with human mitochondrial antibody (red). (f) A merged image of (d) and
(e) with DAPI (blue) used to visualize the cell nuclei (g)-(j). Similarly, these images show
GFAP+ /hMito+ (human mitochondria) cells within the needle tract in image (c) (arrows). Scale
bar = 200 μm in (a)-(c) and 50 μm in panel A; 100 μm in (a)-(c) and 50 μmin (d), (e) and (g)-
(i) and 20 μm in (f) and (j) in panel B.

Chen et al. Page 24

J Neural Eng. Author manuscript; available in PMC 2009 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chen et al. Page 25

Table 1
Media composition and experimental protocol.

Media Abbreviation Composition

Growth media GM DMEM, FBS (10%), Gentamacin (0.1%) hbFGF (10 ng ml-1), hEGF (10
ng ml-1), hLIF (10 ng ml-1), hSCF (10 ng ml-1)

Differentiation media DM1 DMEM/F12, FBS (10%), N2 (0.1%), ITS (1%) all-trans RA (1 μM), hβ-
NGF (100 ng ml-1), hGDNF (10 ng ml-1)

Differentiation media DM2

DMEM/F12, FBS (10%), N2 (0.1%), ITS (1%), hbFGF (10 ng ml-1), hEGF
(10 ng ml-1), hSHH (300 ng ml-1), all-trans RA (1 βM), dbcAMP (1 mM),
hBDNF (10 ng ml-1), hFGF 8 (10 ng ml-1), hβ-NGF (100 ng ml-1), hGDNF
(10 ng ml-1),

Procedure

Experiment 1 Cell proliferation

Protocol Culture cells in GM for 7, 14,
21 days

Experiment 2 Cell differentiation

Protocol 1 Culture cells in GM → for 1,
14, 30 or 40 days

Change media to DMEM/F12, FBS (10%), N2 (0.1%), ITS (1%), all-trans
RA (1 μM), hβ-NGF (100 ng ml-1), hGDNF (10 ng ml-1) for 14 days

Protocol 2 Culture cells in GM → for 40
days

Change media to DMEM/F12, FBS (10%), N2 (0.1%), ITS (1%), hbFGF
(10 ng ml-1), hEGF (10 ng ml-1), hSHH (300 ng ml-1)
↓ 3 days

Change media to DMEM/F12, FBS (10%), N2 (0.1%), ITS (1%), all-trans
RA (1 μM), dbcAMP (1 mM), hSHH (300 ng ml-1)
↓ 3 days

Addition of hBDNF (10 ng ml-1), hNGF 8 (10 ng ml-1),
↓ 2 days

Addition of hβ-NGF (100 ng ml-1), hGDNF (10 ng ml-1)
↓ 6 days

Fixation
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Table 2
Factors used in the media.

Factors Definition Effect Reference

hEGF Human epidermal growth factor Regulation of cell growth, proliferation and
differentiation [15]

hbFGF Human basic fibroblast growth factor Potent inducer of DNA synthesis in mesoderm and
neuroectoderm lineages [19]

hLIF Human leukemia inhibitory factor
Inhibits differentiation of cells, maintaining
multipotency of stem cells longer and selectively
supports the survival of a population(s) of neural
stem cells

[20]

hSCF Human stem cell factor
Hematopoietic growth factor active early in
hematopoiesis; also growth factor for multiple cell
types

[21]

all-trans RA All-trans retinoic acid Induces cell differentiation and inhibits cell
proliferation [17]

hSHH Human sonic hedgehog Induces proliferation of primitive human
hematopoietic cells [16]

hFGF8 Human fibroblast growth factor-8 Stimulates the proliferation and activation of cells
that express FGF receptors [22]

hβ-NGF Human nerve growth factor Enhances survival, growth, and neurotransmitter
biosynthesis of sympathetic and sensory neurons [23]

hBDNF Human brain-derived neurotrophic
factor

Support growth and survival of neuronal and glial
cells [24]

hGDNF Human glial-derived neurotrophic
factor

Stimulates growth of dopaminergic neurons and
autonomic motor neurons [25]

dbcAMP N6,2′-O-dibutyryladenosine 3′:5′
cyclic monophosphate

Promotes stem cell differentiation and increases
expression of specific subtypes of Na+-dependent
glutamate transporters

[26]
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Table 3
Antibodies for immunocytochemistry.

Antigen Tissue specificity Reference

CD4 Present on a subset of T lymphocytes (`helper/inducer' T cells) and is also expressed at a
lower level on monocytes, tissue macrophages and granulocytes [27]

CD34 Hematopoietic progenitor cells and the most primitive pluripotent stem cells and the small
vessel endothelium of a variety of tissues [28]

CD44 T Cells, B cells, monocytes, granulocytes, erythrocytes, medullary thymocytes, endothelial
cells and a high proportion of epithelial cells, fibroblasts and a wide variety of tumors [29]

CD45 Human hematopoietic lineage (including hematopoietic stem cells) with the exception of
mature red cells [30]

CD56
Most neuroectodermal-derived cell lines, tissues and neoplasm such as retinoblastoma,
medulloblastoma, astrocytomas and neuroblastoma. Also known as neural cell adhesion
molecule (NCAM)

[31]

Oct-4 Expressed by undifferentiated embryonic stem cells and embryonic germ cells [32]

Nestin Stem/progenitor cells, glioma cells, and tumor endothelial cells in the mammalian CNS [33]

Class III β-tubulin Also referred to as TuJ1. Expressed in central and peripheral nervous systems (CNS and
PNS) where it is prominently expressed during fetal and postnatal development. [34]

MAP2 Microtubule-associated protein 2. Essential for the development and maintenance of
neuronal morphology [35]

GFAP
Glial fibrillary acidic protein. Astrocytes and certain other astroglia in the central nervous
system, in satellite cells in peripheral ganglia, and in nonmyelinating Schwann cells in
peripheral nerves. In addition, neural stem cells frequently strongly express GFAP, consistent
with the current hypothesis that neural stem cells are a sub-population of astrocytes

[36,37]

Vimentin It is detected in neuroepithelium and early progenitors in brain [38]

CNPase Myelin-associated protein expressed on oligodendrocytes and Schwann cells [39]

Ki 67 Expressed by proliferating cells in all phases of the active cell cycle (G1, S, G2 and M phase).
It is absent in resting (G0) cells [40]
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Table 4
Antigen expression of HUCBmnf cells in DM1 and DM2.

Antigen DM1 (%) DM2 (%)

Ki67 10 ± 3 5 ± 3

CD45 58 ± 4 40 ± 2

GFAP* 85 ± 4 36 ± 10

TuJ1 1 ± 0.7 12 ± 3

MAP2* 0 30 ± 8

Synaptophysin* 0 5 ± 0.6

Significant differences between the two groups were assessed by Student's t-test

*
p < 0.05

**
p < 0.001
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