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Comparative analysis of differentiation of human neural and mesenchymal stem cells in
tissue culture and after transplantation into the brain was carried out using the same
antibody set. Neural stem cells differentiated into all types of neural cells, are retained
after transplantation, migrate, and form reciprocal relationships with the recipient brain.
Mesenchymal stem cells were incapable of neural development under conditions of
common culturing or after transplantation and retained the fibroblast-like status. Reci-
pient filaments grew into mesenchymal stem cell transplants containing no neural cells
due to local changes in the extracellular matrix at the site of transplantation.
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Detection of neural stem cells (NSC) in the brain
was a priority discovery of the last century for
neurobiology. This discovery necessitated revision
of classical assumptions of neuronal theory and
problems associated with regeneration. NSC are
present in the brain during the entire life span of
mammals and humans. They can be isolated from
fetal and adult brain, multiply in tissue culture, and
differentiate into all three types of neural cells.
These characteristics of NSC make them extremely
perspective for cell therapy of neurodegenerative
diseases and injuries of the CNS. On the other hand,
the problems of immunological compatibility of
allogenic NSC remain unsolved, as are the ethical
problems associated with derivation of initial mate-
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rial. One of approaches to solution of these prob-
lems is the search for autologous cell sources with
neurogenic potential.

Studies of stem cells have changed the classical
concepts on linear limitations of tissue-specific stem
cells, capable of differentiating into cell types speci-
fic of the organ or tissue from which they were
isolated. Many studies of recent years have shown
that tissue-specific stem cells presumably can over-
come the barrier of committed development of a
certain embryonal leaflet (stem cell plasticity phe-
nomenon) and differentiate in culture or after trans-
plantation into cells of another tissue. The possi-
bility of neural differentiation of bone marrow,
skin, muscle cells, adipocytes, efc., under condi-
tions of in vitro culturing with various biochemical
agents was demonstrated. The best studied of these
cell sources are bone marrow cells, of which stro-
mal mesenchymal stem cells (MSC) seem to be
characterized by maximum plasticity. It was shown
that some cells express neural markers in native

0007-4888/06/1411-0152 © 2006 Springer Science + Business Media, Inc.



M. A. Aleksandrova, G. T. Sukhikh, et al.

MSC population [11,19,23]. Compositions of cul-
ture media and factors and coculturing with NSC
or differentiated cells are used for stimulating MSC
to neural differentiation [6,9,18,23]. These studies
demonstrated the development of glial and neuron-
like cells in cultures, which, according to immuno-
histochemical and molecular analysis, express spe-
cific markers. After neurotransplantation MSC react
to the brain microenvironment signals and differen-
tiate into glia and neurons [1,13]. Moreover, nume-
rous studies showed that after intravenous or intra-
cerebral transplantation MSC promote restoration and
regeneration of the nervous tissue in injuries to the
brain and spinal cord, though the mechanisms of their
effect are virtually unknown [3,12, 13,25].

Along with the above mentioned reports de-
monstrating high plasticity of MSC, there are pa-
pers whose authors doubt the possibility of real
neural differentiation of MSC [4]. It is hypothe-
sized that under conditions of culturing MSC can
become morphologically neuron-like cells due to
modification of the cytoskeleton under the effect of
environmental factors [7,14]. According to other
data, MSC did not develop in the neural direction
after transplantation into the brain [8] and in many
cases transformed into microglial cells [21]. MSC
express many growth factors and cytokines [5,10,
22,24], which presumably maintain regeneration
after transplantation even without differentiation
into the neural phenotypes.

Some of these data prove or deny the possibi-
lity of bone marrow cell differentiation in the neu-
ronal direction, but these results require further
studies and thorough verification. Therefore, the
aim of our study was comparative analysis of phe-
notypical differentiation and behavior of human
NSC and MSC under conditions of culturing and
after transplantation into the brain of intact rats and
rats pre-exposed to acute hypoxia. Our task was to
use similar conditions of xenotransplantation and
universal pool of antibodies and methods for detec-
tion (conditions when stained neural cells served as
a clear-cut control of MSC differentiation).

MATERIALS AND METHODS

NSC culturing. Tissue fragments were taken from
cerebral periventricular area of 9-week human fe-
tuses, thoroughly suspended, and cultured in
DMEM/F12 with N2 supplement with epidermal
growth factor, main fibroblast growth factor, and
leukemia inhibitory factor. Neurospheres formed in
this culture were studied by immunohistochemical
methods after 65 days of culturing. Some neuro-
spheres were totally stained with antibodies, another
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part was stained after precipitation onto plastic in a
medium with fetal serum (FCS), and the third part
was dissociated to suspension of solitary cells and
used for transplantation.

MSC culturing. Bone marrow cells were deri-
ved from adult human pelvic bone crest. Cell sus-
pension was mechanically dissociated and placed
into plastic flasks (80 ml) in a concentration of
5x10° cells/ml medium. Culturing was carried out
in a-MEM with 10% autologous serum and 10%
FCS at 37°C and 5% CO,. On days 10-12 of cultu-
ring the cells were removed from plastic with
0.25% trypsin and placed into fresh medium in new
flasks. Cells cultured for 30 days (3 passages) were
used for transplantation. On the day of transplan-
tation some cells from the culture were transferred
onto slides. After 2 days they were fixed in 4%
paraform in PBS (pH 7.4) and used for immuno-
histochemical studies.

Transplantation of human NSC and MSC into
the brain of intact rats and rats exposed to acute
hypoxia. Before transplantation of human MSC and
NSC culture into the brain, female Wistar rats (200-
250 g) were narcotized with chloralhydrate intra-
peritoneally (300 mg/kg). Animals exposed to hypo-
xia were transplanted the cells the next day after
hypoxic exposure. Human MSC suspension was
injected with a microsyringe into the striatum (0O-
0.5 mm from the bregma, 2.5 mm laterally into the
right hemisphere to the depth of 4 mm). NSC cul-
ture was transplanted into the hippocampus (3.5-4.0
mm from the bregma, 2.5 mm laterally into the
right hemisphere to the depth of 4-5 mm). No im-
munosuppression was carried out after transplanta-
tion. Ten (n=6) and 12 (n=6) days after transplan-
tation of MSC and 27 days (n=7) after transplan-
tation of NSC the animals were perfused with 4%
paraform in PBS (pH 7.4), the brain was removed,
postfixed overnight on the cold, and impregnated
with 30% sucrose. Rat brain sections were sliced on
a freezing microtome and applied onto gelatin-coa-
ted slides.

Immunohistochemical and histological studies
of human NSC and MSC cultures and transplant
preparations. Immunohistochemical study of cells
from NSC and MSC cultures and brain sections from
animals transplanted the cells was carried out using
primary antibodies to marker proteins: nestin (mono-
clonal murine, Abcam, 1:100; polyclonal rabbit,
Chemicon, 1:200), vimentin (monoclonal murine,
Chemicon, undiluted), [B-III-tubulin (monoclonal
murine, Abcam, 1:100), acid glial fibrillar protein
(AGFP; polyclonal rabbit, Chemicon, 1:200), Ki67
(monoclonal murine, Abcam, 1:50), fibronectin (poly-
clonal rabbit, Santa Cruz, 1:100), neurofilaments
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(monoclonal murine, ICN, 1:10), and human nuclei
(monoclonal murine, Chemicon, 1:50). The pre-
parations were incubated overnight at 4°C in solu-
tion of primary antibodies, after washing in PBS the
material was treated for 2 h at ambient temperature
in solution of second goat antibodies to rabbit Ig
(Jackson, 1:100, conjugated to Texas Red fluoro-
chrome) and mouse Ig (Jackson, 1:100, conjugated
to Cy-2 fluorochrome). Double immunohistoche-
mical staining was carried out by simultaneous in-
cubation with host animal primary antibodies and
fluorochrome-labeled second antibodies. If neces-
sary, the material was post-stained with Hoechst
33342 fluorescent dye (5 pg/ml; Sigma). All pre-
parations were embedded under slides in glycerol.
In addition, brain sections from rats receiving trans-
plantation were stained with Cresyl Violet, thionin,
and after Giemsa. Ready preparations were examined
under an Opton-3 microscope in mercuric and incan-
descent lamp light. The preparations were photogra-
phed using a Nikon CoolPix 4500 digital camera.
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RESULTS

NSC in culture and after transplantation into rat
brain. The formation of spherical aggregations
from stem cells starts in suspension NSC cultures
after about 1 week; these aggregations increase in
size with culturing and form typical neurospheres.
Immunohistochemical analysis of whole neuro-
spheres showed their heterogeneous cell composi-
tion. Groups of small nestin-positive axonal cells
were as a rule located near the surface or com-
pletely covered the neurosphere. Their number gra-
dually decreased with neurosphere growth. Glial
precursors, AGFP-positive cells, formed small groups;
they had brightly stained bodies with short axons.
Cells expressing B-III-tubulin were less brightly
stained, with long filaments. Glial AGFP-positive
and neuronal B-III-tubulin-positive cells were usual-
ly situated in the inner areas of neurospheres.
Neurospheres put into medium with 10% FCS
precipitated to the bottom, adhered, spread, and

Fig. 1. Human neural stem cell (NSC) culture, staining of adhesive neurospheres (immunohistochemical analysis). a) stem cells express
nestin; b) morphotypes of nestin-positive cells; ¢) progenitor cells express vimentin; d) types of vimentin-positive cells. Scale: a, ¢) 200

H; b, d) 50 p.
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Fig. 2. Human NSC. Neural differentiation cells (immunohistochemical analysis). a) glial cells express AGFP; b) types of glial cells; ¢)
neuronal cells express B-llI-tubulin; d) neuroblasts with growth cones. Scale: a, ¢) 200 y; b, d) 50 p.

cells migrated from their marginal zones. An ap-
preciable number of nestin-positive stem cells, nu-
merous vimentin-positive cells, and cells with glial
and neuronal differentiation were present in the mi-
gration zone (Fig. 1, 2). Nestin- and vimentin-posi-
tive cells were morphologically similar (Fig. 1),
were often characterized by co-expression of nes-
tin and vimentin. Cells differentiated in the glial
direction expressed AGFP, some had long proces-
ses, like the radial glial cells (Fig. 2, a, b). Migra-
tion on the surface of other cells was characteristic
of numerous cells differentiated in the neuronal
direction. These cells had the typical neuroblast
shape with clearly seen long axons forming growth
cones and were brightly stained with antibodies to
B-III-tubulin (Fig. 2, ¢, d).

Hence, by the moment of transplantation NSC
cultures had all types of cells characterizing the
neuronal differentiation: stem, progenitor cells, neuro-
blasts, and glia.

Histological analysis carried out after NSC trans-
plantation into the brain showed transplanted cells

in the brain of all recipients after 27 days. The
transplants did not change the structure of the reci-
pient brain; they were not separated by the glial
barrier and virtually did not provoke macrophage
invasion (Fig. 3, a).

Transplanted cells detected by staining with
antibodies to human nuclei were located in the
cerebral cortex, hippocampus, and partially in the
thalamic structures (Fig. 3, ). The majority of cells
formed compact groups, though some of them mi-
grated to different distances from the track. Stai-
ning for nestin visualized an appreciable number of
well surviving stem cells in all series of transplan-
tations. Nestin-positive cells had small round bodies
and long thin processes stretched along the trans-
plant or growing deep into the recipient brain tissue
(Fig. 3, ¢). Staining with antibodies to vimentin
showed that the transplants contained a great num-
ber of vimentin-positive cells.

Neuronal cells stained with antibodies to B-III-
tubulin were evenly spread in the transplants, had
a bipolar shape with processes. Many cells migra-
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ted outside the transplants and were detected in
recipient brain parenchyma.

Some transplanted cells differentiated into astro-
cytes. Double staining with antibodies to human
nuclei and AGFP showed separate groups consis-
ting of several tens of cells expressing both mar-
kers. Moreover, staining with antibodies to AGFP
demonstrated the reaction of the recipient brain
glial cells to human NSC xenotransplants. Glial re-
action was weak, no solid glial cicatrix formed at
the host-transplant interface in any case (Fig. 3, b).

Staining with antibodies to neurofilaments sho-
wed no expression of this protein in transplanted
cells. However, recipient axons were clearly stained
with these antibodies, which indicated their growth
into NSC transplants (Fig. 3, d).

Hence, NSC effectively differentiate in culture
into all types of neural cells. They survive under
conditions of xenotransplantation, migrate, and do
not provoke pronounced immune reaction. Cells of
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all stages of neuronal differentiation are detected in
the transplants: from stem to neural cells and glia.
Reciprocal growth of filaments between the trans-
planted cells and recipient brain was observed.
MSC in culture and after transplantation into
rat brain. Cells on slides formed a more or less
even monolayer without dense accumulations. The
culture contained fibroblast-like cells with different
morphology. Spread and spindle cells with long
thin axons were seen. Immunohistochemical ana-
lysis of differentiation showed that all cells were
immunopositive to vimentin (Fig. 4, a). Among
these cells, there were few detected with antibodies
to nestin (Fig. 4, b). Staining with antibodies to
fibronectin showed that almost all cells in the cul-
ture expressed this protein, with but a solitary ex-
clusion (Fig. 4, c). Cells stained with antibodies to
nestin were also detected among fibronectin-posi-
tive cells (Fig. 4, d). Total overlapping of the mar-
kers indicated that cells co-expressing vimentin and

Fig. 3. NSC transplanted into adult rat brain, 27 days posttransplantation (morphological analysis). a) NSC transplant (Giemsa staining);
b) double staining for human nuclear protein (green) and by antibodies to AGFP (red); c) filament growth from the transplant into recipient
brain, staining for nestin (interface shown by interrupted line); d) growth of recipient axons into NSC transplant (antibodies to neurofilaments:

green; to nestin: red). Scale: a) 200 p; b-d) 50 p.
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Fig. 4. Human mesenchymal stem cell (MSC) culture (immunohistochemical analysis). a) vimentin expression; b) nestin expression; ¢)
fibronectin expression; d) fibronectin and nestin co-expression. Scale: a, b) 50 p; ¢) 200 p; d) 20 p.

Fig. 5. MSC transplanted into adult rat brain, 10 days posttransplantation (morphological analysis). a) MSC transplant, Cresyl Violet
staining; b) reactive gliosis around MSC transplant, double staining for human nuclear proteins (green) and AGFP (red). Scale: a) 100
y; b) 50 p.
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Fig. 6. MSC transplants in rat brain (immunohistochemical analysis). a) MSC in transplant express vimentin (green); macrophage roll
around the transplant (yellow); b) MSC stained by antibodies to human nuclear proteins (green); c¢) double staining for human nuclear
proteins (green) and fibronectin (red); filament growth from recipient brain into MSC transplant, staining by antibodies to neurofilaments

(green). Scale: a-c) 100 p; d) 50 p.

fibronectin predominated in the culture; some cells
also expressed nestin.

Staining with antibodies to markers of neuronal
and glial differentiation (B-III-tubulin and AGFP,
respectively) detected no cells immunopositive to
these proteins. High proliferative activity of cells,
part ('/;) of them expressing Ki67 protein, was
detected in human MSC culture.

Hence, by the moment of transplantation MSC
culture was presented by fibroblast-like cells ex-
pressing vimentin and fibronectin, just few cells co-
expressed nestin.

The study of human MSC transplanted into
the brain of intact rats and rats exposed to hypo-
xia showed that the track of the injection needle
passed through the neocortex, white matter, and
ended in the striatum in all cases. Histological
analysis of preparations of the transplants showed
a sort of collagen cicatrix, resulting in significant
morphological modification of the adjacent tissues
(Fig. 5, a).

Pronounced glial reaction of host astrocytes
was seen around human MSC transplants; it was de-
tected by double staining with antibodies to AGFP
and human nuclear protein (Fig. 5, e). Reactive
astrocyte filaments were oriented radially towards
the transplants. Gliosis was disseminated to an ap-
preciable distance from transplants. The morpho-
logy of adjacent tissues in the recipient brain was
also changed in this case.

Ten days after transplantation MSC were de-
tected (with antibodies to human nuclear protein)
in all animals — intact (n=3) and exposed to hypo-
xia (n=3). The bulk of transplanted cells were loca-
ted in the striatum, solitary cells were detected in
the neocortex and white matter. No cell migration
in the recipient brain tissues was detected. Trans-
planted cells in all preparations were surrounded by
macrophage accumulations, detected by macrophage
autofluorescence. Twenty days after transplantation
solitary cells with staining for human nuclei were
detected in one intact rat and one rat with acute
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hypoxia. Similarly as after 10-day survival, there
was a significant accumulation of macrophages at
the site of transplantation. Hence, by day 20 trans-
planted cells were virtually completely eliminated.

Analysis of cell differentiation showed positive
staining of cells with antibodies to vimentin inside
the transplant 10 days after transplantation (Fig. 6,
a), that is, MSC retained the expression of this
protein after transplantation. On the other hand,
vimentin-positive cells were detected around the
transplants, this indicating the development of reac-
tive gliosis in the recipient tissue. In addition, trans-
plant cells were stained for fibronectin, which was
detected by double staining with antibodies to hu-
man nuclei and fibronectin. The entire transplant
area was immunopositive to fibronectin, which for-
med a solid extracellular matrix here (Fig. 6, b, c).

Transplanted cells exhibited no positive stai-
ning for human nestin, B-III-tubulin, and AGFP,
this indicating no differentiation of cultured human
MSC in the neuronal direction after transplantation.

No differentiation of transplant cells in the neu-
ronal direction was detected. However, staining
with antibodies to neurofilaments showed that host
neuron filaments deeply grew into the transplant
area in ruptures between macrophage accumula-
tions (Fig. 6, d). It seems that fibronectin of the
extracellular matrix, developing in human MSC trans-
plants, promoted this growth.

Hence, NSC in tissue culture spontaneously
differentiate into all types of neural cells in serum-
free medium with mitogens and after removal of
mitogens and addition of serum. MSC, as was shown
previously, initially contain the neural pool cells
[11,19,22,23]. However, in our experiments MSC
were presented by fibroblast-like cells expressing
vimentin and fibronectin, among which a very little
part co-expressed nestin and none had markers of
neuronal and glial differentiation (B-III-tubulin and
AGFP). It is noteworthy that nestin is not an evi-
dence of cell neurogenic potential, because it was
detected in tissue cells of other than neural genesis
[17]. Presumably, expression of nestin in MSC cul-
tures reflects cell function, but does not indicate its
potentiality for neural differentiation.

Xenotransplantation into the brain showed that
NSC virtually did not provoke immune reaction,
survived, and retained the neurogenic potential.
Adult brain microenvironment factors maintained
the differentiation of various types of neural cells
from NSC, their migration, reciprocal growth of
filaments, and even the formation of synaptic
contacts [2].

In contrast to NSC, MSC transplanted into the
brain provoked strongest gliosis, macrophage in-
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vasion, and were rapidly resorbed, which is in dis-
agreement with previous data [1,13]. Recipient
brain microenvironment did not stimulate neural
differentiation of MSC, though it was shown not
once [13], and in our experiments the cells retained
their characteristic expression of fibronectin and vi-
mentin. No migration of transplanted human MSC
culture cells in the recipient brain tissues was
detected.

It was found that recipient neurofilaments stai-
ned with antibodies to neurofilaments deeply grew
into the transplants. Presumably, active filament
growth was stimulated by local changes in soluble
and insoluble components of extracellular matrix at
the site of MSC transplantation. MSC release tro-
phic, growth factors and cytokines [5,10,22,24]
and express fibronectin maintaining axonal growth
and stimulating vascularization [16,20]. Similar
data on filament growth were obtained in experi-
ments with human MSC transplantation into the site
of spinal injury, when the authors noted significant
individual variability of MSC cultures [15].

The findings indicate obvious advantages of
NSC due to their capacity to differentiate into char-
acteristic neural cell types, which are retained after
xenotransplantation and form reciprocal contacts
with the recipient brain. MSC used in our study
failed to differentiate in the neural direction under
conditions of culturing or after transplantation into
the brain. On the other hand, filaments from reci-
pient brain grew into MSC transplants containing
no neural cells, which was most likely due to local
changes in the extracellular matrix at the site of
transplantation. These features of MSC are inte-
resting and deserve further investigation.

The study was supported by program “Mole-
cular and Cellular Biology” and Russian Founda-
tion for Basic Research (grant No. 05-04-48031).
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