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ABSTRACT. To evaluate whether canine bone marrow stromal cells (BMSCs) can migrate and adopt neural phenotypes in the developing
mouse brain we transplanted fluorescently labeled BMSCs into the lateral ventricle of immunocompromised neonatal mice.  Most fibro-
blasts, used as a control, and BMSCs isolated from adult dogs remained around the injection site and exhibited a spindle-shaped appear-
ance.  A small number of BMSCs from young dogs were found in the subventricular zone, rostral migratory stream, and olfactory bulbs,
and retained expression of neuron marker.  Our findings suggest that BMSCs isolated from adult dogs have limited ability of migration
and differentiation toward neural cells in the developing brain.  Bone marrow of young dogs may contain a primitive stem cell population
with neural differentiation capacity.
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Neurotransplantation has generated tremendous attention
as a potential therapeutic approach for disorders of the cen-
tral nervous system (CNS).  Neural stem cells [15, 17] and
embryonic stem cells [9, 14] have been extensively studied
and shown to ameliorate CNS diseases in experimental
models of various CNS disorders.  Cells and tissues derived
from fetuses have been used to treat human patients with
Parkinson’s disease [11] and spinal cord injury (SCI) [21].
However, these cell/tissue types pose serious obstacles with
respect to the harvesting of donor cells/tissues and the pos-
sibility of tumorigenesis.  Transplantation of bone marrow-
derived cells may provide a viable alternative strategy.
Bone marrow contains bone marrow stromal cells
(BMSCs), nonhematopoietic cells that provide a bone mar-
row microenvironment and regulate hematopoiesis [4] and
also serve as a stem cell reservoir for mesenchymal cells
[16].

Perspectives on BMSCs for neurotransplantation have
rapidly grown during the last decade, based on several
reports on BMSC differentiation into neural phenotypes
both in vitro [19, 22] and in vivo [1, 2].  Therapeutic benefits
of BMSC transplantation have been repeatedly shown in
experimental models of CNS injuries [13, 23].  Although
functional recovery from CNS injury may not result solely
from neural differentiation and cellular replacement by
transplanted BMSCs, investigations of migratory and neural
differentiation properties of BMSCs provide insights into
their potentials in the treatment of CNS diseases and aid in
refining the design of new clinical trials.

In the present study, we transplanted fluorescently

labeled canine BMSCs into the lateral ventricle of immuno-
compromised neonatal mice.  We wished to determine by
immunohistochemistry whether canine BMSCs can migrate
and adopt neural phenotypes in the developing mouse brain.

Preparation of canine BMSCs and fibroblasts: Bone mar-
row from four adult canine cadavers, obtained from a local
animal shelter, was used to isolate and culture canine
BMSCs.  Exact ages of these dogs were unknown; however,
we collected bone marrow from only those which had a
complete set of adult teeth with minimum dental calculus
deposition, thus meeting inclusion criteria for “young
adults”.  Bone marrow was also collected from two young
dog cadavers (estimated age between 3 to 5 months old)
obtained from the local animal shelter.  The use of these ani-
mals was approved by the Institutional Animal Care and
Use Committee of University of Florida.  In all animals,
bone marrow was collected from a femur by flushing the
medullary canal immediately after euthanasia.  Mononucle-
ated cells were isolated on a Ficoll (Ficoll-Paque, StemCell
Technologies, Vancouver, Canada) density gradient,
washed in PBS, and suspended in culture medium consist-
ing of DMEM (1g/l glucose) supplemented with 10% fetal
bovine serum (FBS) and antibiotics (100 U/ml penicillin G,
100 g/ml streptomycin sulfate, and 0.25 g/ml amphoteri-
cin B).  Cell surface marker profiles, growth kinetics, and
differentiation properties of isolated canine BMSCs have
been described in our previous studies [6–8].  Canine skin-
derived third passage fibroblasts (Coriell Institute for Medi-
cal Research) were used for comparative purposes.  Primary
adherent BMSCs were grown until semiconfluency after
which cells were trypsinized and labeled with the fluores-
cent carbocyanine dye, DiI (Invitrogen Corporation, Carls-
bad, CA).  Fluorescent labeling was performed according to
a protocol of Laywell et al. [12] with modifications.
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Briefly, trypsinized BMSCs or fibroblasts were washed
three times in PBS and resuspended in PBS containing DiI
(final concentration, 40 g/ml).  The cells were incubated in
the DiI-containing PBS for 5 min at 37C followed by 15
min at 4C before being washed three times in PBS.  DiI
labeled BMSCs and fibroblasts were frozen at –80C until
transplantation was performed.

Transplantation of canine BMSCs and fibroblasts into
neonatal mouse brain: Postnatal day-2 immunocompro-
mised mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) (The Jack-
son Laboratory, Bar Harbor, ME, U.S.A.) were used as
recipients (n=29).  On the day of transplantation, DiI-
labeled BMSCs or fibroblasts were thawed, washed three
times in PBS, and the cell number was determined.  Cell
suspensions were made in PBS (2.0  105/l) and trans-
ferred on ice to the mouse facility.  DiI-labeled BMSCs or
fibroblasts were transplanted into the left lateral ventricle of
postnatal day-2 immunocompromised mice as described
previously [3].  Under hypothermic anesthesia, 2.0  105

cells in 1 l of PBS were slowly injected into the left lateral
ventricle, through a 30G needle attached to a 5 l Hamilton
syringe.  Ten day post-transplantation, mice were eutha-
nized with CO2 gas and transcardially perfused with 4%
paraformaldehyde in PBS.  The brains were excised, post-
fixed, and sectioned with a freezing microtome into 40 M
sagittal or coronal slices for immunohistochemistry.

Immunohistochemistry to evaluate migration and differ-
entiation of canine BMSCs: Immunohistochemical staining
of free-floating brain slices were performed, using anti-III-
tubulin (1:500) (Promega Corporation, Madison, WI,
U.S.A.) and AlexaFluor 488-conjugated anti-NeuN (1:50)
(Millipore, Billerica, MA, U.S.A.), and anti-GFAP (1:100)
(Biosciences, Franklin Lakes, NJ, U.S.A.) antibodies.  In
order to assess the maturation of differentiated cells, III-

tubulin and NeuN were used as early and mature neuronal
markers, respectively.  The cross-reactivity of these primary
antibodies to canine cells has been confirmed by our prelim-
inary experiment and previous study [7].  Brain slices were
washed three times in PBS and permeabilized in 0.4% Tri-
ton X-100 in PBS for 30 min at 25C.  Non-specific binding
was blocked with a blocking solution (3.0% normal goat
serum in PBS) for 60 min at 25C.  Brain slices were then
incubated overnight at 4C with the primary antibodies.  The
primary antibodies were removed, slices washed three times
in PBS, and incubated for 60 min in dark at 25C with sec-
ondary antibodies.  The secondary antibodies were Cy2 con-
jugated  goat  an t i -mouse  IgG1 (1 :400)  (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
U.S.A.) or IgG2b (1:200) (Jackson ImmunoResearch Labo-
ratories, Inc., West Grove, PA, U.S.A.).  Stained slices were
observed under a fluorescent microscope (Zeiss Axioplan II,
Carl Zeiss Microimaging Inc.) to evaluate engraftment and
phenotypes of transplanted canine BMSCs.

Distribution and phenotypic fates of adult canine BMSCs
and fibroblasts: Of 29 recipient mice, 27 survived the 10-
day survival period and were processed for analysis.  Trans-
planted cells could be readily identified by the presence of
DiI in the cytoplasm.  In mice that received adult canine
BMSCs (n=17), most of the engrafted cells remained around
the injection site, adhering to the wall of the lateral ventricle
(Fig. 1A).  Some cells were found in the underlying paren-
chyma of the thalamus and hippocampus; however, it was
not possible to determine whether these cells had migrated
into the parenchyma from the injection site or were directly
injected into these locations.  There were also cells sparsely
dispersed in the cerebral cortex distant from the needle tract,
which seemed to have migrated there instead of being
directly injected.  Additionally, a small number of cells were

Fig. 1. Distribution of transplanted BMSCs. (A) Montage immunofluorescence photomicrograph of mouse brain with engrafted adult
canine BMSCs. This sagittal section was stained with III-tubulin and visualized with Cy2 (green). Most of DiI-positive BMSCs (red)
were located around the injection site along the wall of the lateral ventricle. Scale bar=200 m. (B) DiI-positive BMSCs isolated from
young donors present in the olfactory bulb. A small number of DiI positive BMSCs were found in the olfactory bulb (arrows). Inset
shows a higher magnification view of a BMSC in the boxed area. Scale bar=100 m.
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widely distributed around the periphery of the brain, attach-
ing to the pia matter but not penetrating into the brain paren-
chyma.

The majority of the engrafted adult BMSCs exhibited a
spindle-shaped appearance similar to their in vitro charac-
teristic morphology.  A small population of cells that
migrated into the parenchyma underlying the ventricle
showed process-bearing morphology.  However, immuno-
histochemistry showed that engrafted cells expressed nei-
ther neuron markers (III-tubulin and NeuN) nor astrocyte
marker (GFAP).  Engrafted canine fibroblasts (n=3) showed
a similar tendency of distribution and phenotypic patterns to
adult BMSCs.

Distribution and phenotypic fates of young canine
BMSCs: In mice (n=7) receiving BMSCs isolated from
young donors, transplanted BMSCs demonstrated a differ-
ent behavior from those observed with adult BMSCs and
fibroblasts.  Although most BMSCs of young donors
remained around the injection site in the lateral ventricle, a
small number of cells were located in the olfactory bulb and
the rostral migratory stream (RMS), a known pathway of
neuronal precursors migrating from the subventricular zone
(SVZ) to the olfactory bulb (Fig 1B).  These cells in the
olfactory bulb and RMS were III-tubulin positive.  In the
SVZ, most of engrafted BMSCs exhibited typical fibroblas-
tic morphology, but some cells assumed process-bearing
neuron-like morphology (Fig. 2A and B).  Immunostaining
revealed that a significant number of BMSCs in the SVZ
were III-tubulin positive (Fig. 2C and D).  Expression of
neither NeuN nor GFAP was found in any region containing

BMSCs.  The results suggested that the transplanted cells
did not undergo full maturation towards neuronal cells or
glial cells.

Our data suggest that canine BMSCs isolated from adult
canine bone marrow have limited ability of migration and
differentiation toward neural cells in the developing mouse
brain.  Most of adult BMSCs remained around the injection
site and retained spindle-shape appearance similar to their in
vitro morphology.  Some adult BMSCs were found in the
SVZ; however, these cells expressed neither neuron- nor
astrocyte-markers.  In contrast, young canine BMSCs
injected in the lateral ventricle penetrated into the SVZ and
were integrated in the postnatal neurogenic pathway of the
RMS/olfactory bulb system.  Our observation that a small
number of young canine BMSCs migrated to the olfactory
bulb and retained III-tubulin expression suggested that
these cells may possess neural differentiation capability.
This finding also suggested that a population of young
canine BMSCs may behave like neural precursor cells that
contribute to postnatal neurogenesis.

Our observation of the migration and differentiation
properties of young canine BMSCs was similar to those of
previous studies in which murine BMSCs were engrafted
into the lateral ventricle of the neonatal mouse brain [3, 10].
We found that although most of BMSCs remained around
the injection site, a small number of young canine BMSCs
penetrated into the SVZ and assumed various morphologies
resembling process-bearing neurons.  Immunostaining sug-
gested that some of these cells in the SVZ express neuron-
marker III-tubulin.  The SVZ forms adjacent to the lateral
ventricle during embryogenesis and is known to contain
multipotent neural stem cells.  The SVZ is also the area of
active neurogenesis in the postnatal and adult brain.  There-
fore, young canine BMSCs located in the SVZ may have
responded to microenvironmental cues provided by the SVZ
and differentiated toward the neuronal phenotype.  How-
ever, the possibilities of cell fusion between transplanted
BMSCs and endogenous neurons [20] or engulfment of
transplanted cells by macrophages could not be entirely
excluded and need further investigations.

It may simply be that bone marrow from young dogs con-
tained a larger number of stem cells, which survived trans-
plantation, than adult bone marrow.  Alternatively, it could
be that differentiated BMSCs were derived from a more
primitive stem cell population present in the BMSC fraction
of the young donors.  The presence of a rare pluripotent stem
cell population has been reported in adult mouse [5] and
human [18] bone marrow and shown to have neural differ-
entiation capacity.  These cells can only be expanded at
extremely low cell density on fibronectin and in the pres-
ence of leukemia inhibitory factor (LIF) and platelet-
derived growth factor (PDGF).  Existence of a similar cell
population in adult canine bone marrow remains unknown.
As we utilized the standard culture condition (at standard
cell density without growth factors) to prepare all BMSCs
for transplantation, cells with multipotent differentiation
properties might not have been expanded from the adult

Fig. 2. Various morphologies of young BMSCs in the SVZ.
Some cells located in the SVZ assumed process-bearing neu-
ron-like (A) or bipolar neuron-like morphology (B). DiI posi-
tive BMSC seen in the SVZ (C) is immunopositive against
III-tubulin (D). Scale bar=20 m.
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bone marrow sample.  Thus, identification of cell popula-
tions with multipotential differentiation properties resident
in canine bone marrow needs to be investigated.
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