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The umbilical cord blood–derived neural stem/progenitor cells (HUCB-NSCs) potentially represent a rich source 
of transplantable material for treatment of a wide range of neurological diseases. Although, recently reported 
effects of their implementation in animal models of brain pathology are still controversial. As a simplifi ed alter-
native to in vivo transplantation in this work we have applied a long-term organotypic rat hippocampal slice 
culture (OHC) as a recipient tissue to study bilateral graft/host cells interactions ex vivo. This type of culture 
can be considered as a kind of reductionistic model of brain transplantation where direct infl uence of systemic 
immunological responses to transplanted human cells would be excluded. The transplantation material derived 
from a HUCB-NSC line developed and characterized in our laboratory and delivered to the slices either as a 
single-cell suspension or after formation of typical neurospheres in serum-free medium in vitro (N-HUCBs). 
Experiments were focused on space-temporal context of cell transplantation in relation to their ability to 
ingrown, migrate, and differentiate within the slice cytoarchitecture. We gain evidences that these responses 
are strictly dependent on the engraftment site and that cell movement refl ects typical routes used for migratory 
neuroblasts in vivo. The cells implanted at the second week of slice cultivation ingrown readily and deeply into 
host cytoarchitecture then matured to the level never observed in our transplantation animal models in vivo. 
Importantly, transplanted neurospheres, in addition to yield exogenous migratory cells to the host tissue can 
locally inhibit astrocytosis and promote outgrow of DCX-reactive neuroblasts in the surrounding OHC tissue.

Introduction

Since the physiological capacity to regeneration is not 
suffi cient to restore brain structure and function when 

compromised by variety of acute or progressively chronic 
diseases, the novel supportive strategies for this naturally 
occurring process has to be considered. One of them is the 
stem cell–based therapy that might either support endog-
enous process of neurogenesis or directly replace the cell 
losses in different damaged brain areas [1]. However, there 
are still no convincing experimental data for long-term sur-
vival and stable engraftment of the alien human donor cells 
into damaged animal tissue. Even, when these cells were 
shown to migrate to the site of injury shortly after transplan-
tation, they survived transiently and were too few in num-
ber to account for suggested reparative ability [2]. Thus, it 
seems that most of transplanted human cells are acutely 
immunorejected shortly after xenografting due to existence 

of an innate (immunosuppression-resistant) immunological 
barrier. While the above observations concern NSC-derived 
form cord blood, similar data have been already published 
also in the case of other xenotransplantations concerning 
human mesenchymal [3,4] or even embryonic stem cells [5]. 
Looking in clinical perspectives, there is still an urgent need 
for hasten efforts to develop animal models with higher tol-
erance to transplanted human cells for relevant verifi cation 
of their therapeutic potential before setting of any clinical 
trials.

Meantime, as compromised solution of this methodo-
logical problem, a simplifi ed model of ex vivo human cell 
transplantation could be proposed. Rat hippocampal orga-
notypic culture, the model presumptively free of systemic 
immunological infl uence, permits stable and controlled 
conditions for studying cell transplantation and interactions 
between recipient brain tissue and transplanted human 
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neural stem cells. The experiments described in this work 
were performed in the attempt to investigate whether human 
neural stem cells transplanted to central nervous system 
(CNS) tissue may undergo maturation and incorporation 
into the host neuronal network. The other important issues 
addressed here were to investigate how histological region 
of transplantation can modify transplant behavior and a vice 
versa, how grafted cells infl uence recipient neural tissue. As 
a source of neural stem cells we have used well character-
ized line of a non-transformed, clonal, and karyotypically 
stable neural stem cells derived from human umbilical cord 
blood (HUCB-NSCs) [6–8]. This source of human stem cells 
is free from ethical controversies, easy to obtain, and sig-
nifi cantly less expensive in relation to other embryonic or 
adult sources [9,10]. In further perspective of clinical trans-
lation of the experimental results, important is that HUCB 
has been used successfully for over 20 years in treatment of 
almost 80 different human diseases. In our experiments we 
have confi rmed that HUCB-NSCs can be differentiated in 
vitro into functional neurons [11] which are able to generate 
spontaneous, TTX-sensitive electric potentials (Jurga et al., 
in progress), suggesting their usefulness as an ideal material 
for neurotransplantation.

In this study, we have used the heterogeneous mixture 
of neural stem cells with their more mature progenitors 
(HUCB-NSCs) growing in monolayer culture [8] and trans-
planted as the cell suspension or after generation of neu-
rospheres (N-HUCBs) [12], the multicellular aggregates of 
nondifferentiated NSCs, previously described as the typical 
entities for brain-derived neural stem cell cultured in vitro. 
Single-cell suspensions of HUCB-NSCs have been trans-
planted equally all over the surface of hippocampal slices 
and these experimental designs may represent systemic cell 
delivery in vivo. The other approach comprise delivery of a 
single 3-D N-HUCB at distinguished region of OHC (gyrus 
dentatus—DG, cornu ammonis—CA, enthorinal cortex—
EC), mimics behavior of the solid graft after inraparenchy-
mal transplantation. Transplantations were performed at 
various time points after OHC establishment. Considering 
slice preparation as a moment of a severe brain tissue injury 
such timing may refl ects different periods of post-traumatic 
cell transplantation and help to fi nd the best therapeutic 
window for cell administration in vivo. In our experiments 
we gain evidences that effect of transplantation is strictly 
dependent on the time and side of cells engraftment and 
that cell movement refl ects typical routes used by migra-
tory neuroblasts in vivo (DG toward CA). The cell migra-
tion, clearly evidenced when transplant was delivered 
shortly after OHC establishment, decreased subsequently 
in the older cultures in favor of increased cell differentia-
tion. Moreover, the hippocampal slices seem to prefer neu-
ronal differentiation of transplanted cells with concomitant 
suppression of glial commitment either in grafted HUCB-
NSCs or in the host tissue.

Materials and Methods

Neurospheres and neural stem cells derived from 
hematopoietic progenitor-depleted (CD34 negative) 
cord blood isolates

Neural progenitors have been obtained from nonhe-
matopoietic, CD34-negative fraction of HUCB mononuclears 
as described in Buzanska et al. [7,12].

HUCB-NSC was developed by repetitive passages of 
nonadherent, clonogenic neural progenitors in the presence 
of EGF (10 ng/mL; Sigma, Manchester, UK) [6,12,13].

HUCB-NSCs were cultured in low-serum (LS) medium, 
Dulbecco’s modifi ed Eagle’s medium (DMEM)/F12 supple-
mented with 2% fetal bovine serum, insulin-transferrin-se-
lenium (1:100), amphotericin A and streptomycin (1:100) (all 
from Gibco). In these conditions cells grow as heterogeneous 
population of the nondifferentiated fl oating and attached 
cells. Then, a substantial part of adherent cells differentiated 
spontaneously into committed neural progenitors and differ-
entiating neuronal, astroglial, and oligodendroglial cells [8].

Growing of neurospheres: after moving HUCB-NSCs to 
serum-free (SF) medium containing DMEM/F12 supple-
mented with B27 (1:50; Gibco) and EGF (20 ng/mL; Sigma), 
the small regular aggregates of nondifferentiated cells start 
to be formed during the 1st week. Selection of aggregates 
with ~200 μm in diameter leads to prolonged culture of reg-
ular, free-fl oating, ball-like neurospheres (N-HUCBs) [13]. 
Neurospheres growing ~1 month in SF conditions became 
nondistinctive from that derived from human brain tissue 
[14]. HUCB-NSCs and N-HUCBs grown in continuous, long-
lasting (over 2 years) cultures at 37°C, 5% CO 2 and in a fully 
humidifi ed atmosphere, were fed twice a week then dis-
sected/passaged when neurospheres grow >200 μm in diam-
eter or 2–3 × 106 cells appeared in a culture (25 cm 2) bottle.

Organotypic hippocampal culture

Hippocampal slices were prepared from 7 to 10 days 
old Wistar rats according to the method of Stoppini [15] 
slightly modifi ed in our laboratory. After brief anesthesia 
with Vetbutal (pentobarbital; Sigma), ice-cooled pups were 
plunged into 70% alcohol solution, decapitated with scis-
sors, and then brains were quickly removed to ice-cold HBSS 
(Gibco). The desired brain areas were separated and cut into 
400-μm slices using McIlwain tissue chopper. Slices were 
transposed to Millicell-CM (Millipore) membranes for fur-
ther growth, four slices on each. Millicell-CM membranes 
in six-well plates were pre-equilibrated with 1 mL of culture 
medium (pH 7.2, 50% DMEM, 10 mM HEPES, 25% HBSS, 
25% horse serum (Gibco), 2 mmol/L l-glutamine, 5 mg/mL 
glucose, 1% amphotericine B and 0.4% penicillin–streptomy-
cin prepared according to Aitken and modifi ed by Gahwiler 
[16,17]. Cultures were started in a regular, 25% horse serum–
containing medium which was gradually replaced (from DIV 
4th until 7th) by SF, defi ned-solution-based medium. This SF 
medium contained DMEM/F12, 10 mM HEPES, 25% HBSS, 2 
mmol/L l-glutamine, 5 mg/mL glucose, 1% amphotericine B 
and 0.4% penicillin–streptomycin, N2A (1:10; Gibco) and B27 
(1:100; Gibco) supplements. Cultures were performed in a 
moist atmosphere of air and 5% CO 2, at 36°C for 14–16 days.

Cell labeling

Dispersed HUCB-NSCs were labeled with fl uorescent 
cell tracker (CMFDA). After short trypsinization, HUCB-
NSCs were moved to 0.4 mL of DMEM/F12. Then 1 μL of 
10 mM 5-cloromethyl-fl uorescein-diacetate (CMFDA) cell 
tracker (Molecular Probes) diluted in DMSO (Sigma) was 
added. Final concentration of DMSO in culture medium was 
not higher than 0.5%. Cells were incubated at 37°C for 30 
min, washed twice with DMEM/F12 medium to remove not 
incorporated tracker and transplanted on OHC.
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Free fl oating N-HUCBs cultured in SF medium were 
moved to 0.4 mL of DMEM/F12. Then 1 μL of 10 mM 
5-cloromethyl-fl uorescein-diacetate (CMFDA) cell tracker 
(Molecular Probes) diluted in DMSO (Sigma) was added. 
Final concentration of DMSO in culture medium was not 
higher than 0.5%. The neurospheres were incubated at 37°C 
for 30 min, washed twice with DMEM/F12 medium to re-
move not-incorporated tracker and transplanted on OHC. It 
should be noted that penetration of CMFDA into a core of 
N-HUCBs was substantially limited by the compact neuro-
sphere structure. This labeling was used preferentially for 
visualization of N-HUCBs position after transplantation 
and was followed by immunocytochemical staining of par-
ticular cells with human-specifi c antigens.

Alternatively, for better visualization of all neurosphere-
forming cells we have transfected HUCB-NSCs with en-
hanced green fl uorescent protein (eGFP) gene.

Generation of GFP+ line

eGFP gene was cloned into pTRIP-WPRE backbone plas-
mid (with 5′ and D3′ LTR—long terminal repeats fl ank-
ing the expression cassette, TRIP—central polipurine tract 
[18], and WPRE—woodchuck posttranscriptional regu-
latory element [19] under control of −115/+54 fragment 
of calretinin promoter [20,21]. Transient co-transfection 
of 293T cells with pVSV (pseudotyping plasmid encoding 
the vesicular stomatitis virus envelope), p∆8.7 encapsida-
tion plasmid, and TRIP-CR-eGFP-WPRE plasmid, resulted 
in generation of replication-defective lentiviral vectors in 
cell culture medium [22] that were incubated with DNaseI 
(Sigma; 1 μg/mL) before ultracentrifugation (22,000 rpm, 2 
h), re-suspended in phosphate-buffered saline (PBS), and 
used to infect HUCB cells: 105 cells/well were incubated 
with 106–107 of the lentivector particles for 3 h, which then 
served as a source of fl uorescence-emitting green cells and 
neurospheres.

Transplantation of HUCB-NSCs and N-HUCBs on 
hippocampal organotypic slices

HUCB-NSCs and N-HUCBs were transplanted on OHC 
at two different time points and then cultivated for follow-
ing 7 days. First round of transplantation was performed 
immediately after OHC preparation (DIV0). Approximately 
105 CMFDA-traced HUCB-NSCs were transplanted all over 
the whole surface of already grounded, freshly isolated 
OHC. One day after transplantation, the cells that did not 
stick to slices, were washed out. Then the slices were cul-
tivated up to 1 week at 36°C in air + 5% CO 2 atmosphere 
of 100% humidity with medium changed every 2 days. To 
observe the difference in migrating and differentiating 
potential of cells transplanted into acutely prepared tissue 
(OHC-DIV0) and more stable tissue (OHC-DIV7), the other 
group of traced cells was transplanted consecutively into 
7-days old slices. The procedure of transplantation was 
identical as described before. N-HUCBs either labeled with 
eGFP or with fl uorescent cell-tracker and selected in respect 
of their size (200–300 μm in diameter), were transplanted 
using pipette into defi ned regions of the hippocampus: CA, 
DG, and EC, then cultivated as described before. The sec-
ond round of transplantation (adequately to transplantation 
with dispersed cells) took place 1 week after OHC prepara-
tion into the 7-days old culture.

Immunocytochemistry

Hippocampal slices were fi xed in 4% paraformaldehyde 
for 24 h. After washing in PBS, slices were cut out from the 
membrane and moved to PBS in 24-well culture plates. Free-
fl oating slices fi xed on the pieces of membranes were perme-
abilized with 1% Triton X-100 (Sigma) for 15 min and blocked 
with 5% NGS or 5% bovine serum albumin (for antinestin 
staining) diluted in PBS. All blocking media were applied 
for 1 h at room temperature (RT). Primary antibodies were 
diluted as follows: monoclonal antibodies anti-mouse NeuN 
(IgG1, 1:100; Chemicon), monoclonal antimouse MAP2 (IgG1, 
1:1,000; Sigma), monoclonal anti-mouse nestin (IgG1, 1:50; 
Chemicon), monoclonal anti-mouse TUJ1 (IgG2a, 1:1,000; 
Covance), monoclonal anti-mouse NF200 (IgG1, 1:400; 
Sigma), monoclonal antimouse GalC (IgG3, 1:10; Chemicon), 
monoclonal antimouse O4 (IgM, 1:10; Chemicon) and then 
incubated overnight in 4°C. Polyclonal antibodies antirabbit 
glial fi brillary acidic protein (GFAP) (1:200; DAKO), antirab-
bit S100β (1:1,000; Swant), antigoat doublecortin (H+L1:100, 
Santa Cruz), anti-Human Nuclei (1:100, Chemicon) were also 
incubated overnight in 4°C. After washing in PBS, following 
secondary antibodies were applied: goat antimouse IgG1 for 
MAP2, nestin, NF200, NeuN (Pharmingen), goat antirabbit 
IgG (H+L) for GFAP, S100β (Chemicon), donkey antigoat 
for doublecortin (Dianova), goat antimouse IgG3 for GalC 
(Southern Biotech.), goat antimouse IgGm for GAlC and goat 
antimouse IgG2a for TUJ1. All secondary antibodies were 
conjugated with fl uorescein isothiocyanate, or Texas Red 
and were applied for 60 min in RT. Cell nuclei were stained 
with 5 mM Hoechst 33258 (Sigma) for 30 min. After fi nal 
wash, the slides were mounted in Fluoromount-G (Southern 
Biotechnology Association). As a control, the fi rst antibodies 
were omitted during immunocytochemical staining.

Image analysis and statistics

The specimens were analyzed by inverted microscope 
Axiovert 25 or Axiovert 200M and captured by AxioCam 
MRm (Carl Zeiss), AxioCam MRc5 (Carl Zeiss), or CCD 
Videotronic CCD-4230 (SONY) cameras. To obtain detailed 
images of OHC with transplanted HUCB-NSCs and 
N-HUCBS, a confocal laser scanning microscope Zeiss LSM 
510 (Carl Zeiss) was used. Following acquisition, the images 
were processed using Zeiss LSM 510 software package v. 2.8 
and Corel Draw v. 11.0.

Statistical analysis of the raw data was conducted by one-
way analysis of variance followed by Bonferroni’s Multiple 
Comparison Test. The values were considered as signifi cant 
when P < 0.05. Data were presented as mean ± SE. The 
number of different experiment (n) and the number of slices 
used per group and per experiment were indicated for each 
experiment.

Results

HUCB-derived NSCs differentiate and incorporate 
into slices depending on place and time of their 
delivery

As described in the Methods, we transplanted suspen-
sion of single cells (HUCB-NSCs) directly into rat hippocam-
pal organotypic slice culture (OHC). The cells were seeded at 
two time points: immediately (OHC-DIV0) or consecutively 
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In contrast, the HUCB-NSCs transplanted into OHC-DIV7 
acquired neuron-like, highly ramifi ed cell morphology after 
7 days of coculturing (Fig. 1I). The numerous cells showed a 
single, neurite-like processes (Fig. 1I, upper insert) or mul-
tipolar, long and branched extensions (Fig. 1I, lower insert). 
Confocal scanning revealed HUCB-NSCs neuron-like cells 
that constituted a three-dimensional network inside of the 
OHC slice (0–200 μm). Most of them revealed neural pro-
genitor marker (nestin: Fig. 1J) or neuronal markers (type III 
β-tubulin: Fig. 1K; MAP-2: Fig. 1L; NF200: Fig. 1M; GluR1: 
Fig. 1N).

Expression of oliogodendrocyte surface markers: O4 
and GalC (indicated by arrows) was also clearly visible 
in both experimental settings (Fig. 1G, O and Fig. 1H, P, 
respectively).

Despite that HUCB-NSCs were transplanted equally 
all over the whole OHC surface (Fig. 1A), their maturation 

7 days (OHC-DIV7) after OHC preparation. Time of observa-
tion was established 1 week after cell transplantation in both 
experimental settings.

After cell transplantation into OHC-DIV0 (Fig. 1A), nu-
merous of HUCB-NSCs were found to integrate stably with 
hippocampal tissue. However, in spite of fi rm incorporation 
into cultured tissue, majority of the transplanted cells stayed 
undifferentiated, round-shaped with tiny cytoplasm and 
without distinguishable processes (Fig. 1A, insert). The cells 
migrated well deeply inside of the OHC structure whereas 
only limited number of them acquired bipolar morphology 
(<13%). Confocal scanning revealed round, undifferentiated 
CMFDA-labeled HUCB-NSCs migrating even 100–200 μm 
in depth below surface of slices. Small part of differentiated 
cells displayed immunoreactivity for neural progenitor or 
more advanced neuronal cell markers (nestin: 1B, type III 
β-tubulin: 1C; MAP-2: 1D; NF200: 1E; GluR1: 1F).

DIV7DIV0
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FIG. 1. HUCB-NSCs (green after CMFDA labeling) transplanted into hippocampal organotypic slice culture. CMFDA-
traced HUCB-NSCs were transplanted all over the whole surface of already grounded OHC (DIV0, left panel) (A, arrows). 
During 7 days of co-culture majority of HUCB-NSCs remained undifferentiated, round-shaped, or extended one or two 
relatively short processes (A, insert). The part of those differentiated cells displayed immunoreactivity for neural progen-
itor and neuronal markers (nestin: B; type III β-tubulin: C; MAP-2: D; NF200: E; GluR1: F, arrows). On the contrary HUCB-
NSCs transplanted into OHC DIV7 (DIV7, right panel) often revealed multipolar, neuron-like morphology with numerous 
branched processes, some of them extending over 200–400 μm (I) or with only one neurite as a typical feature of migrating 
neuroblasts (J). Immunocytochemical analysis revealed strong expression of neural progenitor or neuronal markers (nestin: 
J; type III β-tubulin: K; MAP-2: L; NF200: M; GluR1: N, arrows). Expression of oliogodendrocyte surface markers: O4 and 
GalC (indicated by arrows) was also clearly visible in both experimental settings (G, O and H, P, respectively). Surprisingly, 
neither GFAP- nor S100β-positive cells were detected among transplanted HUCB-NSCs. Co-localization of red (specifi c for 
neuronal and oligodendrocyte-specifi c antigens) and green (for CMFDA) labels in HUCB-NSCs appeared yellow after over-
laying (arrows indicated co-localization in cell processes). Scale bars: A: 2 mm, C: 100 μm, B, D–P, and inserts: 50 μm.
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toward neuronal, morphologically advanced phenotypes 
was noticed in comparison with the fi rst group. These cells 
were positive for TUJ1, MAP2, and NF200 in 49 ± 4%, 43 ± 
13%, and 74 ± 2%, respectively, whereas the nestin was still 
immunodetected in 18 ± 9% of morphologically less differ-
entiated green cells (Fig. 2).

In both experimental settings the oliogodendrocyte 
markers, O4 and GalC, were expressed in similar percent-
ages of total CMFDA-positive cells: 9 ± 2% and 2 ± 0.2% 
for OHC-DIV0, then equally 7 ± 3% and 2.5 ± 0.9% for 
OHC-DIV7 (Fig. 2). The most of O4-expressing cells mor-
phologically displayed round cell bodies with fi ne branched 
processes (Fig. 1O). It is worth to note that neither GFAP nor 
S100β immunostaining were detected among transplanted, 
green-labeled HUCB-NSCs.

Migration and differentiation of transplanted N-HUCB 
into OHC is region-dependent

Similarly, to previous experiments also the neurospheres 
transplantation was performed in two different time points 
of the slice culture: on freshly isolated OHC-DIV0 and at 
OHC-DIV7. Since migration of neural stem cells outside the 
transplants occurred exclusively in the case of acutely pre-
pared slices, further description would refer only to this 
experimental group.

Neurospheres were placed into three defi ned regions 
of OHC, namely at a CA, DG, and EC (Fig. 3A). Strong 
dependency between N-HUCBs activation/migration 
and the engraftment place was observed. Confocal scan-
ning revealed that initially N-HUCBs plunged in OHC 
at 100–200 μm below its surface and then numerous cells 
started to migrate out of their ball-like, fi rm structure and 
further spread within the host tissue (Fig. 3B) creating a halo 
around the aggregates. Migration of this stream of single 
NSCs (Fig. 3E) occurred preferentially along endogenous 
fi ber tract leading from the enthorinal cortex and DG to CA 
region (Fig. 3C). Cells derived from the N-HUCBs placed 
in close vicinity of DG region migrated either through a 
hilus or disseminate in the direction of the pyramidal cell 
layer (Fig. 3C). In contrast, the NSCs coming from the neu-
rospheres placed into the CA region spread throughout 
the oriens and pyramidal cell layers but never in opposite, 
at radiatum layer and further toward DG region (Fig. 3D). 
The majority of N-HUCBs deposited into the EC remained 
quiescent during the whole observation period with all the 
cells situated inside of aggregate. Rarely, the NSCs migrated 
here out of the spheres but without specifi c direction and 
were confi ned to a relatively narrow halo around N-HUCBs 
engraftment site (Fig. 3B).

Similarly, to HUCB-NSCs, NSCs derived from N-HUCBs 
transposed to pyramidal layer of CA region differenti-
ated predominantly into neurons (Fig. 3F and G) whereas 
those transplanted into neurogenic subgranular zone of DG 
remained mostly undifferentiated during the period of our 
observation (Fig. 3H). Immunochemistry of N-HUCBs after 
transplantation revealed that the cells within neurospheres 
as well as those migrating out of them, differentiated mostly 
to MAP2, TUJ1, NeuN, and doublecortin-positive neu-
rons. Still, the cells differentiated only marginally toward 
astrocytes and expressed S100β exclusively as long as they 
remained within aggregates.

strongly depended on the region of incorporation, indepen-
dently from the age of brain tissue (DIV-0 or DIV-7). Bipolar, 
neuroblast-like HUCB-NSCs were observed mainly in radia-
tum layer of CA region, in parallel to the host’s neuronal pro-
cesses (Fig. 1D). Within that region numerous connections 
between CMFDA-labeled cells and the host cells could be 
noticed under a confocal microscope. In contrast, HUCB-
NSCs transplanted into DG remained round shaped and did 
not elaborated ramifi ed, branched processes.

HUCB-derived cells differentiate preferentially toward 
neurons under co-culture with the brain tissue

The exact immunofl uorescence analyses performed after 
transplantation of the dispersed HUCB-NSCs revealed that 
many of exogenous, CMFDA-labeled cells start to co-express 
neuronal markers: NF200, TUJ1, MAP2 under infl uence of 
OHC environment (Fig. 1). However, the extent of acquisi-
tion of neuronal phenotype by transplanted cells obviously 
depended on the particular experimental setting. The part 
of HUCB-NSCs seeded on the freshly isolated OHC-DIV0 
acquired expression of committed neural progenitors and 
neuronal markers: TUJ1 in 35 ± 7%; MAP2 in 18 ± 9% and 
NF200 in 36 ± 3% of all counted green cells. The nestin, an 
undifferentiated neural cell marker, was immunodetected 
in 9 ± 0.6% of these cells (Fig. 2).

When HUCB-NSCs were transplanted into OHC-DIV7, 
a signifi cant increase in number of cells differentiated 
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FIG. 2. Quantitative analyses of neural differentiation 
markers expression in OHC-engrafted HUCB-NSCs. The 
slices at the 7th day after HUCB-NSCs transplantation 
were immunostained and the cell phenotypes quantifi ed 
using confocal laser scanning microscope Zeiss LSM 510 
(Carl Zeiss). Grey bars: HUCB-NSCs transplanted into OHC 
DIV0; crossed bars: HUCB-NSCs transplanted into OHC 
DIV7. Immunofl uorescence analyses revealed that at both 
time points a number of CMFDA-labeled cells expressed 
neuronal markers: TUJ1, MAP2, nestin, NF200 but at sig-
nifi cantly higher level in OHC DIV7 group. In both groups, 
oliogodendrocyte markers, O4 and GalC, were expressed 
in similar, relatively low percentage of the total survived 
cells. Surprisingly, neither GFAP- nor S100β-specifi c mark-
ers were expressed in HUCB-NSCs. Data are presented as a 
mean ± SE from 3 to 5 independent cultures (each culture is 
an equivalent of four slices per staining, from each slice we 
counted 200 cells). The values were considered as signifi cant 
when P < 0.05(*) and P < 0.01(**).
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already for 7 days (OHC-DIV7), differentiate poorly into 
GFAP and S100β-positive astrocytes. Unexpectedly, immu-
nostaining for GFAP and S100β revealed signifi cant decrease 
of the rat tissue immunoreactivity in hippocampal regions 
surrounding transplanted neurosphere (Fig. 3M and N) 
indicating marked depletion of host astrocytosis. This, evi-
dent and highly specifi c inhibitory infl uence of N-HUCBs 
was independent from the time and site of transplantation. 
That effect we could not observe with cells migrated out of 
a neurosphere expressing neuronal markers. Those neurons 
were able to make very close contacts with each other (Fig. 
3O) and with surrounding host neurons (Fig. 3P).

Discussion

Based on the above-described results we can postulate 
that hippocampal organotypic tissue culture may provide 
a valuable, informative model for basic research on the 
mechanisms that govern processes of human neural stem 
cell engraftment and incorporation into brain structures. In 
this model, we can easily modulate grafting environment 

Neurospheres transplanted into OHC activate host 
neuroblasts

In this study, we used a doublecortin (a protein expressed 
transiently in migrating and differentiating neuroblasts) to 
examine host (GFP-negative) cell reaction induced by trans-
planted neurospheres. The evident activation of rat’s neuro-
blasts was found around N-HUCBs transplanted at vicinity 
of DG region (Fig. 3I and J). Migration routes of these host 
neuroblasts overlaid with that of exogenous (green) NSCs 
coming out from the transplanted neurospheres (Fig. 3K and 
L). Interestingly, activation of doublecortin-positive host neu-
roblasts was evident even after transplantations performed 
on OHC cultured for 7 days in vitro (OHC-DIV7) when no 
signs of migration of seeded N-HUCBs could be observed.

Neurospheres transplanted on OHC inhibit 
astrocytosis

As it has been noted previously, N-HUCBs transplanted 
either on freshly isolated OHC-DIV0 or on those cultured 
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FIG. 3. Neurospheres transplanted into organotypic slice culture (OHC). 
N-HUCBs obtained from GFP+ stable line were transplanted into four differ-
ent regions of hippocampus: EC (A1), CA (A2), DG (A3), or hippocampal fi s-
sure (A4). After 4 days N-HUCBs-derived cells plated in CA regions migrated 
outside the hippocampus (B2, arrow; cells visible here as regular or irregular 
halo around the aggregate) or in direction of hippocampal fi ssure (B4, arrow). 
N-HUCBs when deposited onto EC spread out in all directions and migrat-
ing cells are visible here as regular halo all around the neurosphere. (B1). 
N-HUCBs placed into DG or in the neighbourhood spread cells throughout hil-
lary region that disseminate further alongside pyramidal cell layer (B3, arrow; 
C, arrow). Migrating HUCB cells formed migratory chains characteristic for 
neuroblasts derived from neurogenic niches (D, phase-contrast image; insert, 
magnifi cation of green N-HUCBs; arrow, migrating NSCs; E, magnifi cation of 
green N-HUCBs with stream of migrating NSCs, arrow). NSCs derived from 
N-HUCBs transposed to CA region differentiated predominantly into neu-
rons (F and G; MAP2, red; N-HUCBs, green) whereas those transplanted into 
neurogenic subgranular zone of DG remained mostly undifferentiated (H, 
MAP2, red; N-HUCBs, green). Immunostaining for doublecortin (red: I and 
J) revealed activation of the host neuroblasts in the neurosphere-surrounding 
rat tissue. Some of the cells derived from transplanted neurospheres (green, 
K, arrows) also expressed doublecortin immunostaining (red, L, arrows) and 
neuroblast phenotype whereas others differentiated further into more mature 
neurons. In part of neurosphere-remaining cells an expression of S100β can 
be detected, (M) whereas immunopositive reaction to GFAP has never been 
achieved in HUCB cells in these co-culture model (N). Moreover, a signifi cant 
reduction of astrocytes (expressing S100β or GFAP) occurred in the host tis-
sue directly contacting neurospheres (M and N; area defi ned by dotted lines). 
On the contrary neurosphere-derived neurons not only created connections 
between different neurospheres (O, arrows) but also host cells infi ltrated 
each other on the border of neurosphere (P, type III β-tubulin, red; N-HUCBs, 
green). This can facilitate incorporation of the transplanted cells within host 
neuronal network as can be judged from the contacts between red (species 
nonspecifi c type III β-tubulin staining) and green (N-HUCB-specifi c) or yel-
low (co-localized) cell markers. Cell nuclei stained with Hoechst (blue, C). 
Scale bars: A–D, I: 500 μm; E, G, K–P: 100 μm; and: F, H, J: 300 μm.
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NSCs [32–34], could be explained by the need of still poorly 
defi ned specifi c signal(s) not readily supplied by the adult 
neural tissue itself.

One of the most interesting fi ndings in our study was an 
obvious suppression of GFAP immunoreactivity after HUCB 
cell transplantation observed both in the host tissue as well 
as in the grafted cells. Here the host tissue reaction was most 
spectacular after neurosphere transplantation in CA region. 
However, similar observations were described previously 
by Jurga et al. [8] in monolayer HUCB-NSCs culture. These 
cells, when co-cultured with primary astrocyte cultures by 
7 days revealed, mostly, type III β-tubulin and MAP-2 pos-
itive phenotypes with marked suppression of GFAP immu-
noreactivity. Recently, Shen [35] described in vivo reduction 
of scar wall thickness around the cystic ischemic core after 
bone marrow-derived SCs treatment in comparison with 
that of the control MCAO rats. Abovementioned results may 
suggest that NSCs after transplantation, especially in the 
form of aggregated entities, could inhibit glial scar forma-
tion. That observation seems to be particularly important 
since an excessive astrogliosis occurs in a variety of neu-
ropathological disorders and is believed to be devastating 
for the restoration of neuronal circuits. Therefore, elucida-
tion of the possible mechanisms of astrogliosis suppression 
by grafted cells should be of practical interest. The HUCB-
derived mononuclear cells can secrete a high number of fac-
tors with anti-infl ammatory and neurotrophic activity. That 
cells when stimulated by EGF/FGF-2- or NGF/RA-secreted 
high amount of anti-infl ammatory interleukins: IL-1b, IL-6, 
IL-8, IL-10 whereas the pro-infl ammatory cytokine IL-16 was 
barely detectable [36–38]. The profi le of HUCB-NSCs cyto-
kine secretion, additionally modulated by the local tissue 
signaling, could explain observed suppression of astrocyto-
sis in graft-surrounding tissue and, in effect, diminution of 
glial scar formation.

In parallel with the described N-HUCBs ability to sup-
press local astrocytosis, the neighboring, doublecortin-pos-
itive host neuroblasts seem to be activated by grafted cells. 
This reaction corresponds with previous observations in 
vivo [37,39] showing that human umbilical blood–derived 
cell infusion can stimulate endogenous neurogenesis by 
altering numerous metabolic and growth-receptor-specifi c 
pathways.

Concluding, in this fi rst systematic study performed on 
organotypic hippocampal slices in vitro we have proved 
capability of transplanted human cord blood–derived neu-
ral stem cells to integrate and respond directly to brain tis-
sue–provided signals by differentiation to neuron-like cells 
expressing typical morphology and specifi c protein markers. 
At lower extend, these cells convert also into oligodendro-
cyte-like phenotypes after transplantation. The particular 
cells fate after transplantation depends strongly on the time 
and place of their delivery. Observed migration of trans-
planted HUCB-derived cells was directed most probably by 
specifi c, however, still non-defi ned signals provided by the 
host tissue and similar to these operating in vivo. Moreover, 
HUCB-NSCs transplanted into OHC seem to stimulate host 
tissue to neurogenic response with concomitant suppression 
of local astrocytosis. Despite of all these promising obser-
vations gained from the organotypic culture model, these 
fi ndings have to be further confi rmed in vivo to ensure the 
common biological mechanisms existing in the both exper-
imental situations.

and culture conditions in the absence of vascular compo-
nent that provides an uncontrolled infl ux of peripheral 
macrophages, immunocytes, and circulating trophic factors 
[23]. Under these circumstances, we have observed a potent 
ability of human cord blood–derived neural stem cells to 
undergo maturation and differentiation to the level never 
observed after transplantation of these cells into rat brain in 
vivo [2]. Moreover, behavior of the cells after transplantation 
was strongly dependent on histological region of cell deliv-
ery. HUCB-derived neural cells, either these transplanted 
as a single cell suspension [8] or those which spread out 
from neurospheres, migrated from DG toward CA (neuron-
rich) region utilizing the natural fi ber pathways typical for 
endogenous neuroblasts movement [24–26]. Reaching CA 
region they differentiated and incorporated into existing 
host cytoarchitecture in parallel to endogenous pyramidal 
neuron processes in striatum radiatum. In contrary, the cells 
delivered as neurospheres to EC region and these which 
remained in DG, stayed undifferentiated (quiescent) for 
the whole period of our observation. It has been previously 
shown in vivo that CNS-derived neural progenitors [27,28] 
as well as HUCB-derived cells [29,30], when transplanted 
into subventricular zone region, can obey the instructive 
signals existing in developing rat brain for directed migra-
tion along the rostral migratory stream into olfactory bulb 
[29]. Similar directed migration of the endogenously born 
neuronal progenitors to replace died pyramidal neurons in 
CA1 were reported in post-ischemic rat hippocampus by ref. 
25. In our experiments, the DG-transplanted HUCB-derived 
stem/progenitor cells utilized the same route of directed 
migration in hippocampal slices.

Apart of regional dependency, the other crucial factor for 
effi cient migration and differentiation of grafted cells seems 
to be the moment of cell delivery. Our experiments utilizing 
OHC at DIV0 may represent an in vitro model of direct cell 
transplantation into acutely injured brain, whereas at DIV7 
into metabolically more stabilized tissue. As we have al-
ready noticed, effi cient migration was characteristic for cells 
seeded at OHC-DIV0. In contrast, the morphological and im-
munocytochemical signs of advanced neuronal differentia-
tion were observed exclusively in the experiments settled at 
OHC-DIV7. Comparing with our previous data [8], these cells 
differentiated during the 7 days of co-culture ~2 times faster 
than those seeded at OHC-DIV0. In addition to expression of 
these typical neuronal markers, also clear immunostaining 
for GluR1–3 has been appeared on OHC-DIV7-seeded cells. 
This fi nding may indicate functional maturity acquired by 
the transplanted cells which make them ready to display ex-
citatory signals. Of note, our previous patch-clamp experi-
ments demonstrated such ability, but only after long-term 
treatment of HUCB-NSCs with potent neuromorphogen like 
dBcAMP [31].

The HUCB-NSCs, either transplanted as cell suspension 
or spread out from neurospheres, have acquired morpho-
logical and immunocytochemical characteristics exclusively 
of neuronal or oligodendroglial cells. Substantially lower 
number of O4- and GalC-reactive cells among all cells trans-
planted on OHC-DIV7 (9 and 2%, respectively) is in accord 
with our earlier report on HUCB-NSCs differentiation under 
defi ned neuromorphogenic signals introduced into mono-
layer cell culture in vitro [8]. Most probably a relatively weak 
commitment of the transplanted HUCB-NSCs into oligoden-
drocyte lineage, similar to that observed in other types of 

09-SCD-2008_0096.indd   1197 10/8/2009   3:17:15 PM



SARNOWSKA ET AL.1198

CP Taylor, TJ Teyler and PJ Voulalas. (1995). Preparative methods 

for brain slices: a discussion. J Neurosci Methods 59:139–149.

17.  Gahwiler BH, M Capogna, D Debanne, RA McKinney and SM 

Thompson. (1997). Organotypic slice cultures: a technique has 

come of age. Trends Neurosci 20:471–477.

18.  Zennou V, C Serguera, C Sarkis, P Colin, E Perret, J Mallet and 

P Charneau. (2001). The HIV-1 DNA fl ap stimulates HIV vector-

mediated cell transduction in the brain. Nat Biotechnol 19:446–450.

19.  Zufferey R, JE Donello, D Trono and TJ Hope. (1999). Woodchuck 

hepatitis virus posttranscriptional regulatory element enhances 

expression of transgenes delivered by retroviral vectors. J Virol 

73:2886–2892.

20.  Billing-Marczak K, L Buzanska, L Winsky, M Nowotny, T 

Rudka, K Isaacs, MF Belin and J Kuznicki. (2002). AP2-like cis 

element is required for calretinin gene promoter activity in cells 

of neuronal phenotype differentiated from multipotent human 

cell line DEV. Biochim Biophys Acta 1577:412–420.

21.  Billing-Marczak K, E Zieminska, W Lesniak, JW Lazarewicz 

and J Kuznicki. (2004). Calretinin gene promoter activity is dif-

ferently regulated in neurons and cancer cells. Role of AP2-like 

cis element and zinc ions. Biochim Biophys Acta 1678:14–21.

22.  Zufferey R, D Nagy, RJ Mandel, L Naldini and D Trono. (1997). 

Multiply attenuated lentiviral vector achieves effi cient gene 

delivery in vivo. Nat Biotechnol 15:871–875.

23.  Zhou L, K Del Villar, Z Dong and CA Miller. (2004). Neurogenesis 

response to hypoxia-induced cell death: map kinase signal 

transduction mechanisms. Brain Res 1021:8–19.

24.  Jin K, M Minami, JQ Lan, XO Mao, S Batteur, RP Simon and DA 

Greenberg. (2001). Neurogenesis in dentate subgranular zone 

and rostral subventricular zone after focal cerebral ischemia in 

the rat. Proc Natl Acad Sci USA 98:4710–4715.

25.  Nakatomi H, T Kuriu, S Okabe, S Yamamoto, O Hatano, N 

Kawahara, A Tamura, T Kirino and M Nakafuku. (2002). 

Regeneration of hippocampal pyramidal neurons after ische-

mic brain injury by recruitment of endogenous neural progeni-

tors. Cell 110:429–441.

26.  Sugino K, CM Hempel, MN Miller, AM Hattox, P Shapiro, C 

Wu, ZJ Huang and SB Nelson. (2006). Molecular taxonomy 

of major neuronal classes in the adult mouse forebrain. Nat 

Neurosci 9:99–107.

27.  Zigova T, R Betarbet, BJ Soteres, S Brock, RA Bakay and MB 

Luskin. (1996). A comparison of the patterns of migration and 

the destinations of homotopically transplanted neonatal sub-

ventricular zone cells and heterotopically transplanted telence-

phalic ventricular zone cells. Dev Biol 173:459–474.

28.  Zigova T, V Pencea, PR Sanberg and MB Luskin. (2000). The prop-

erties of hNT cells following transplantation into the subventric-

ular zone of the neonatal forebrain. Exp Neurol 163:31–38.

29.  Walczak P, N Chen, JE Hudson, AE Willing, SN Garbuzova-

Davis, S Song, PR Sanberg, J Sanchez-Ramos, PC Bickford and T 

Zigova. (2004). Do hematopoietic cells exposed to a neurogenic 

environment mimic properties of endogenous neural precur-

sors? J Neurosci Res 76:244–254.

30.  Zigova T, S Song, AE Willing, JE Hudson, MB Newman, S Saporta, 

J Sanchez-Ramos and PR Sanberg. (2002). Human umbilical cord 

blood cells express neural antigens after transplantation into the 

developing rat brain. Cell Transplant 11:265–274.

31.  Sun W, L Buzanska, K Domanska-Janik, RJ Salvi and MK 

Stachowiak. (2005). Voltage-sensitive and ligand-gated chan-

nels in differentiating neural stem-like cells derived from the 

nonhematopoietic fraction of human umbilical cord blood. 

Stem Cells 23:931–945.

32.  Altman J. (1966). Proliferation and migration of undifferenti-

ated precursor cells in the rat during postnatal gliogenesis. Exp 

Neurol 16:263–278.

33.  Loulier K, M Ruat and E Traiffort. (2006). Increase of proliferat-

ing oligodendroglial progenitors in the adult mouse brain upon 

Sonic hedgehog delivery in the lateral ventricle. J Neurochem 

98:530–542.

Acknowledgments

Financial support from the Polish Ministry of Sciences 
and High Educations through grants no 0141/B/P01/2008/35 
and PBZ-KBN-083/P05/08. We are thankful to Katarzyna 
Billing-Marczak for the gift of calretinin promoter.

References

 1.  Lindvall O and Z Kokaia. (2004). Recovery and rehabilitation in 

stroke: stem cells. Stroke 35:2691–2694.

 2.  Kozlowska H, J Jablonka, M Janowski, M Jurga, M Kossut and 

K Domanska-Janik. (2007). Transplantation of a novel human 

cord blood-derived neural-like stem cell line in a rat model of 

cortical infarct. Stem Cells Dev 16:481–488.

 3.  Carstanjen B, C Desbois, M Hekmati and L Behr. (2006). 

Successful engraftment of cultured autologous mesenchymal 

stem cells in a surgically repaired soft palate defect in an adult 

horse. Can J Vet Res 70:143–147.

 4.  Chopp M and Y Li. (2002). Treatment of neural injury with mar-

row stromal cells. Lancet Neurol 1:92–100.

 5.  Molcanyi M, P Riess, K Bentz, M Maegele, J Hescheler, B Schafke, 

T Trapp, E Neugebauer, N Klug and U Schafer. (2007). Trauma-

associated infl ammatory response impairs embryonic stem 

cell survival and integration after implantation into injured rat 

brain. J Neurotrauma 24:625–637.

 6.  Buzanska L, M Jurga, EK Stachowiak, MK Stachowiak and K 

Domanska-Janik. (2006). Neural stem-like cell line derived from 

a nonhematopoietic population of human umbilical cord blood. 

Stem Cells Dev 15:391–406.

 7.  Buzanska L, EK Machaj, B Zablocka, Z Pojda and K Domanska-

Janik. (2002). Human cord blood-derived cells attain neuronal 

and glial features in vitro. J Cell Sci 115:2131–2138.

 8.  Jurga M, I Markiewicz, A Sarnowska, A Habich, H Kozlowska, 

B Lukomska, L Buzanska and K Domanska-Janik. (2006). 

Neurogenic potential of human umbilical cord blood: neural-

like stem cells depend on previous long-term culture condi-

tions. J Neurosci Res 83:627–637.

 9.  Habich A, M Jurga, I Markiewicz, B Lukomska, U Bany-Laszewicz

and K Domanska-Janik. (2006). Early appearance of stem/pro-

genitor cells with neural-like characteristics in human cord blood 

mononuclear fraction cultured in vitro. Exp Hematol 34:914–925.

10.  McGuckin CP, N Forraz, MO Baradez, S Navran, J Zhao, R 

Urban, R Tilton and L Denner. (2005). Production of stem cells 

with embryonic characteristics from human umbilical cord 

blood. Cell Prolif 38:245–255.

11.  Sun W, L Buzanska, K Domanska-Janik, RJ Salvi and MK 

Stachowiak. (2005). Voltage-sensitive and ligand-gated chan-

nels in differentiating neural stem-like cells derived from the 

nonhematopoietic fraction of human umbilical cord blood. 

Stem Cells 23:931–945.

12.  Buzanska L, M Jurga and K Domanska-Janik. (2006). Neuronal 

differentiation of human umbilical cord blood neural stem-like 

cell line. Neurodegener Dis 3:19–26.

13.  Buzanska L, A Habich, M Jurga, J Sypecka and K Domanska-

Janik. (2005). Human cord blood-derived neural stem cell line—

possible implementation in studying neurotoxicity. Toxicol In 

Vitro 19:991–999.

14.  Suslov ON, VG Kukekov, TN Ignatova and DA Steindler. (2002). 

Neural stem cell heterogeneity demonstrated by molecular 

phenotyping of clonal neurospheres. Proc Natl Acad Sci USA 

99:14506–14511.

15.  Stoppini L, PA Buchs and D Muller. (1991). A simple method 

for organotypic cultures of nervous tissue. J Neurosci Methods 

37:173–182.

16.  Aitken PG, GR Breese, FF Dudek, F Edwards, MT Espanol, PM 

Larkman, P Lipton, GC Newman, TS Nowak Jr., KL Panizzon KM 

Raley-Susman, KH Rerd, ME Rice, JM Sarve, DD Schoepp, M Segal, 

09-SCD-2008_0096.indd   1198 10/8/2009   3:17:15 PM



CORD BLOOD–DERIVED STEM CELLS DIFFERENTIATE IN THE BRAIN 1199

Address correspondence to:
Dr. Anna Sarnowska

NeuroRepair Department
Medical Research Institute

Polish Academy of Sciences
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